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FOREWORD 


This  report  was  prepared  by  the  Manufacturing  Research  and  Development 
Section,  Vou^t  Aeronautics,  a  division  of  Chance  Vought  Corporation,  under 
Contract  AF  33(616) •6951-  contract  period  covered  from  March  i960  to 
July  1961  and  was  administered  by  the  Directorate  of  Materials  and  Processes, 
Deputy  for  Technology,  Aeronautical  Systems  Division,  under  the  direction  of 
Messrs:  C.  W.  Douglass,  G.  L.  Campbell,  and  J.  M.  Bryars.  Mr.  C.  W. 

Kniffen,  Air  Force  Systems  Command,  Is  to  be  coonended  for  Invaluable 
assistance  and  guidance  in  the  program. 

This  report  is  presented  in  two  volumes.  The  first  volume  on  develop* 
meat  gives  the  basic  theory  and  the  procedure  used  to  accomplish  the  objec¬ 
tive.  The  second  volume  on  application  gives  results  in  handbook  form  for 
ready  reference. 

Mr.  W.  W.  Wood  was  the  project  engineer  In  charge  of  the  program.  The 
research  described  in  this  report  was  conducted  under  the  direction  of 
Mr.  G.  Gasper,  Manufacturing  Engineering  Manager,  and  Hr.  J.  A.  Mlllsap, 
Chief,  Manufacturing  Research  and  Development.  Others  from  the  Manufactxur- 
ing  R  and  D  Section  who  cooperated  in  the  research  and  in  the  preparation 
of  the  report  are:  W.  W.  Akins,  R.  C.  Goforth,  R.  A.  Ford,  B.  L.  Scott, 

J.  N.  Lesikar,  G.  R.  DlGiacomo,  F.  Camden,  J.  R.  Russell,  D.  L.  Norwood, 

W.  D.  Moore,  and  C.  R.  Clifton. 

For  their  assistance  in  the  program,  acknowledgement  is  due  to  personnel 
of  the  Manufacturing  R  and  D  Laboratory,  Production  Sheet  Metal  Fabrication, 
Structures  Test  Laboratory,  and  Technical  Publications  sections  who  partici¬ 
pated  in  the  research  work  throughout  the  program. 

The  Fort  Worth  Division  of  Convair  performed  all  the  experimental  work 
for  the  Androform  process.  _ 
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ABSTRACT 


The  "cut-eind- try"  method  of  determining  sheet  metal  formabiiity 
has  long  been  the  standard  practice  in  the  aircraft  industry.  This 
two-volume  report  presents  methods  of  determining  formabiiity  analyt¬ 
ically  for  the  tvrelve  most  common  processes  of  forming  sheet  metal.  This 
method  is  based  on  utilization  of  a  material's  mechanical  properties  to 
predict  formabiiity. 

Tae  first  volume  on  development  gives  the  procedure  used  to  arrive 
at  the  objective  of  predicting  formabiiity.  First,  basic  limit  equations 
are  developed  relating  geometrN'  of  the  parts  to  the  material  properties. 
These  equations  are  used  to  determine  the  shape  of  the  limit  graphs  and  to 
give  indices  relating  formabiiity  vo  the  material.  Then,  experimental 
parts  are  foimied  to  position  the  theoretically  shaped  cur'.es  with  the  aid 
of  the  fomabiii..v  indices. 

i7:c  second  vol'ime  on  application  is  presented  in  handbook  form 
gi  ing  design  and  manufacturing  information  for  the  nineteen  materials 
in  he  program.  These  materials  covered  some  of  the  most  currently  used 
alloys  in  the  following  categories:  (l)  magnesium,  (b)  aluminum,  (,;) 
si‘aniu.’n,  (i»)  stainless  steel,  (5)  tool  steel,  (6)  nickel  and  cobalt  base, 
and  (7)  the  refraevory  metals.  Graphs,  equations,  and  design  tables  are 
resensed  for  each  process,  statistically  proven  with  e:<perimental  work 
comprisin  :  a  total  of  approxi; ately  twenty-one- thousand  formed  parts. 


PUBLIGATICfJ  REVIEV. 

Tliis  report  lias  been  reviewed  eind  is  approved. 


FOR  THE  C(MM\mER: 


J.  Teres 

Technical  Director 
Applications  Lab 
Directorate  of  Materials 
and  Processes 
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ttf  = 


final  gage  length 


Ao  original  cross-sectional  are- 


Ai 

1=  final  cross-sectional  area 


instantaneous  crosa-aocuional  area 
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Su  = 


Srv  — - 


ScY  — 
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/P  \ 
\  Ao/ 


at  ultimate  load 


tensile  stress  )  at  yield  point 
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V  Ao/ 


=  true  stress  ( ;  subscripts 

V  Aj  ) 


L-  ,  W 


and  t 


represent  the  longitudinal,  width  and  thickness 


directions 


=  effective  stress  from  Energy  of  Distortion  Theory 
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€  = 
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1  = 
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conventional  strain  I - 

\  2. 
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(  In 
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NOTE:  Additional  symbols  are  described  throughout  the 
text  for  continuity. 
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DITRODUCTION 


The  concept  of  theoretical  fomability  was  initiated  at  Chance  VoU(Ci-r 
Corporation  in  1953  with  the  introduction  o"  the  liard-co-f onn  heat  treated 
stainless  steels  and  the  tieaniums.  Prior  to  ehis,  the  accepted  method 
of  ''cut-and- try"'  ■vas  used  to  determine  sheet  metal  formaoility.  It  v/as 
deteimined  at  this  time  tliat,  in  order  to  minimize  lead  times,  costs,  and 
other  factors  affected  oy  forming;,  octser  methods  were  needed  for  prcdictii.:;, 
f oraa jili tv . 


A  search  of  ;.ire"ious  'worh  in  this  fi_ld  indicated  tr.at  t].e  major  effort 
relating;  to  an.ilytical  treatments  of  f  orm^^sili  ty  ’./as  eax-ried  on  durin^j  dor  Id 
'Car  II  and  the  years  immediately  following.  Most  of  this  effort,  however, 
was  very  narrow  in  scope,  relating  only  to  a  few  processes  and  materials. 

In  addition,  the  projects  were  more  of  the  e::pcrimcntal  t%’pe  with  little 
regard  to  theoretical  treatmants  of  pi'cc.icting  forna’.xility  based  on  material 
properties ■ 


There  have  bean  sovei-al  unique  approaclxes  to  analytical  foimiability  in 
tho  past  decade.  These  ha"e  practically  all  bean  associated  \iith  tive  labora.- 
tory  't;;q}c  worh  sucii  as  relating  tansile  data  to  bending  of  straight  sections. 
Chance  Vought  initiated  the  tlicoretical  formability  concept  during  this  period 
on  such  basic  forming  processes  as  linear  stretch  forming  and  rubber  flanging. 
The  program  covered  in  this  two-volume  report  was  conducted  to  develop  the 


concept  as  applied  to  twelve  basic  forming  processes  and  nineteen  materials 
used  in  the  aerospace  industry. 


Manuscript  released  by  authors  August  1961  for  publication  as  an  ASD 
Technical  Report. 
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CHAPTER  I 

DESCRIPTION  OF  PROCESSES 
AND  FAILURE  ANALYSIS  OF  PARTS 
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BRAKE  FORMING 


Brake  forming  is  the  most  simple  type  forming  operation  and  is  widely 
used  for  forming  flat  sheets  into  sections  such  as  angles,  channels  and  hats 
The  72  horsepower,  60  ton  Verson  Press  Brake  shown  in  Figure  I-l  was  used  to 
establish  the  material  limits  in  bending  for  this  program.  All  parts  were 
formed  with  a  ram  stroke  of  3"  at  a  speed  of  8.77  feet  per  minute. 


FIGURE  1-1  60  TON  VERSON  BRAKE  PRESS 
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The  tooling  used  for  brake  forming  is  shown  in  Figure  1-2.  Since 
previous  research  indicated  that  the  span  width  of  the  die  affected  the 
fonnabillty  of  bend  specimens,  an  adjustable  die  was  designed  for  this 
program.  Where  stationary  channel  dies  have  been  used  in  the  past,  the 
graph  in  Figure  1-3  shows  the  acceptable  criteria  as  the  area  between  the 
dotted  lines .  "'  he  median  line  was  chosen  for  all  parts  formed  in  this 

program  witr.  tne  adjustable  die.  Thirty  p\anches  with  radii  ranging  from 
0.015"  to  l.i^ii"  were  used  to  allow  complete  coverage  of  the  R/t  failure 
range . 


Figure  1-2  adjustable  brake  press  die 
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PUNCH  RADIUS  R, 

SHEET  THICKNESS  ’ 

FIGURE  1-3  CRITERIA  FOR  BRAKE  FORM  DIES 


Tr.e  length  of  tne  bend  zone  also  affects  minimnm  bend  radius. 

According  to  Sachs^^^^,  the  minimum  bend  radius  remains  nearly  constant  for 
bend  specimens  witn  a  breadth  which  exceeds  tiie  metal  thickness  by  approxi¬ 
mately  8  times.  Since  tne  maximum  material  thickness  for  this  program  was 
0.187",  a  specimen  width  of  two  inches  was  chosen  to  give  W/t  (Min.)  i:  10.? 
and  insure  constant  minimum  bend  radii.  Figure  1-4  graphically  represents 
tr,e  W/t  range  covered  in  this  program. 
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FIGURE  1-4  BENDING  STRAIN  VS.  WIDTH  TO  THICKNESS  RATIO 
Figure  1-5  shows  the  brake  fonn  blank  prepared  for  forming  and  the  result 
ing  good  part. 
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Only  one  major  failure  occurs  along  with  minor  distortions  which  are 
incidental  to  the  process  and  can  be  corrected.  The  major  failure  in  brake 
forming  is  longitudinal  cracking  in  the  outer  fiber  of  the  bend  where  the 
maximum  bending  strain  occurs.  This  failure,  shown  in  Figure  1-6,  is 
dependent  on  the  punch  radius  and  the  material  thickness. 


FIGURE  1-6  MAJOR  FAILURE  IN  BRAKE  FORMING 

Two  minor  aistortiuus,  end  Ci'aci-s  ar.d  eua  ciispxriC'?;"f.:.L ,  are  inciaeutal 
to  the  process  and  can  be  corrected  by  sufficient  debarring  of  the  brake  form 
blanks  for  notch  sensitive  materials.  Figure  1-7  illustrates  the  two  minor 
distortions  considered. 


FIGURE  1-7  MINOR  DISTORTIONS  IN  BRAKE  FORMING 


I 
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Anoti'icr  miriOr  distort.  Lon  encouaterta  in  drake  forming  is  tne  cowing  of 
long  parts  wr. ict.  results  from  the  residual  stresses  set  up  across  the  bend. 
Since  brake  formed  parts  in  this  contract  were  relatively  short,  bowing  was 
not  considered  and  did  not  affect  the  ■‘‘crming  limits.  Methods  ol'  controlling 
extreme  cases  of  bowing  are  hot  fin isn  forming  and  final  hand  working. 

ihe  parameters  for  brake  forming  curves  are  K/t  and  aC.  ,  where  R  is 
tr.ft  radius  of  tne  puncn,  t  is  the  material  thickness  and  is  the  part 
angle.  A  scnematic  curve  of  R/t  vs.  and  a  sketch  of  parameters  arc 
shr  ‘n  in  Figure  i -8 . 


FIGURE  1-8  BRAKE  FORMING  PARAMETERS  AND  LIMIT  CURVE 
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The  c^rve  in  f-ig>  r-'  1 -d  i'?  defined  oy  goea  parts  aoove  tne  curve  and 
cracked  parts  below  tne  curve.  As  tr.e  part  angle  (c^)  is  increased,  the 
R/t  value  necessary  to  form  a  given  material  is  increased  to  reduce  the 
strain  in  tr.e  outer  fiber  resulting  from  increased  part  angle.  The  failed 
parts  represented  on  the  curve  are  of  trie  najor  failure  type  snown  in 
Figure  1-6.  Miner  distortions  snown  in  Figure  1-7  can  be  corrected  by 
sufficient  deburring  and  do  not  aifect  t-.e  orake  I'orming  limits. 

The  puncn  ana  die  effects  illustrated  in  Figure  1-9  cause  deviation  from 
the  theoretical  cu>'  for  Rockwell  hardnesses  of  20  or  less  since  ''dig  in" 
by  the  die  super L'aposes  tensile  strain  in  tne  outer  fiber  of  tne  formed 
part  and  crining  by  the  punch  results  in  localized  tension  in  the  inner  fiber 
and  resulting  compression  in  the  outer  fiber.  Bending  strain  is  increased  by 
the  "dig  in"  effect  since  the  neutral  axis  is  shifted  toward  the  inside  fiber, 
but  the  coining  effect  causes  a  shift  in  the  neutral  axis  toward  the  outer 
fiber  thereby  decreasing  the  bending  strain. 


PUNCH 


LOCALIZED 


FIBER 


FIGURE  1-9  PUNCH  AND  DIE  EFFECT  IN  BRAKE  FORMING 
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The  applied  stress  and  the  strain  diagram  ol'  a  brake  furm  sample  is 


illustrated  in  Figure  I -10.  The  strain  diagram  shows  that  i, 
and  €  w-  ®  5  therefore,  ^  u/  The  value  for  -  0.866 

was  determined  by  the  Energy  of  Distortion  Theory  and  allows  the  process  to 
be  plotted  on  the  "Effective  Strain"  Ellipse  in  "imir<'  I-133fi-.r  eurrelatlon 


FIGURE  1-10  APPLIED  STRESS  AND  STRAIN  DIAGRAMS  FOR  BRAKE  FORMING 
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JOGGLING 


Joggling  is  a  process  for  recessing  brake  formed  or  extruded  angle 
parts  to  enable  flush  connection  with  other  angle  parts  or  flat  plates  in 
assembly.  The  Hamilton  press,  shown  in  Figure  I -11,  was  used  to  form  the 
brake  formed  joggle  samples  for  this  program. 


FIGURE  1-11  HAMILTON  PRESS  FOR  JOGGLING 


ASD  TR  61-191(1) 


1-9 


r..o  oasic  meltiods  of  fonnir^g  joggles  are  by  a  wiping  aclion  and  seci,i.^n 
movement  as  snown  in  Figure  1-12.  The  wiping  action  produces  a  joggle  by 
straightening  one  mold  line  and  forming  another  one,  whereas  t/ie  section 
joggling  creates  no  new  mold  line  but  results  in  a  shear  displacement  in 
the  joggle  transition  region.  The  Universal  Jcggle  Tool,  shown  in  Figure  1-13, 
is  a  combinati-'n  of  both  although  section  movement  is  more  predominant.  This 
tool  was  selected  for  joggling  because  it  was  adaptable  to  a  large  number  of 
parts . 


FIGURE  1-12  BASIC  METHODS  OF  FORMING  JOGGLES 
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MGvJRE  1-13  U  MIVERS.AL  JOGGl.E  TOOL 


The  parameters  for  joggling,  illustrated  in  Figure  I-l4,  are  joggle 
depth  (D) ,  joggle  run-out  length  (l)  and  material  thickness  (t)  .  The 
only  major  limitation  in  joggling  is  the  0.4  inch  maximum  joggle  depth 
but  most  practical  parts  will  not  exceed  this  limitation. 
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The  two  major  failures  in  joggling  are  splitting  and  shear  buckling 
as  shown  in  Figure  I-l6.  Splitting  occurs  near  the  top  of  the  transition 
region  due  to  biaxial  stresses  in  double  bending.  Some  brittle  materials 
failed  prematurely  in  joggling  since  the  standard  radius  of  the  joggle 
die,  r  -  0.032"  (see  Figure  I-l4) ,  was  less  than  the  radius  necessary 

to  brake  form  the  same  material.  These  premature  failures  were  eliminated 
by  forming  the  brittle  materials  on  a  special  die  block  with  a  O.O60"  radius 
Shear  buckling  occurs  in  the  web  of  the  transition  region  as  result  of 
shear  movement  previously  illustrated  in  Figure  1-12. 


FIGURE  1-16  MAJOR  JOGGLING  F  AILURES 
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Tne  joggle  curve,  shown  in  Figure  I-I7,  is  defined  by  good  parts 
inside  the  curve  and  buckled  or  Split  parts  outside  the  curve.  The  curve 
shows  that  splitting  occurs  for  higr:  values  of  D/L  and  shear  buckling  for 
high  values  of  D/t. 


LOG 


D/t 


FIGURE  1-17  JOGGLING  LIMIT  CURVE 


L-l>i 


ASD  TR  61-191(1) 


FJGURE  1-19  SHEAR  BUCKLING  AND  SPLITTING  FAILURES  FOR  JOGGLING 


DIMPLItiG 


Dimpling  is  a  process  of  forming  a  recessed  area  for  a  fastener  in 
order  that  the  fastener  head  can  be  made  flush  with  the  sheet  surface .  A 
5,000  pound  CP450EA  Zephyr  Triple  Action  Coin  Ram  dimpling  machine,  as 
shown  in  Figure  1-20,  was  used  to  form  all  parts.  Induction  type  heaters 
were  used  to  accomplish  elevated  temperature  forming  with  materials  display¬ 
ing  failures  and/or  poor  definition  at  room  temperature. 


FIGURE  1-20  CP450EA  ZEPHYR  TRIPLE  ACTION  COIN 
RAM  DIMPLING  MACHINE 
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The  parameters  for  dimpling  are  h/R  vs-  for  radial  failures  and 
t  vs .  for  circumferential  failures  as  shown  in  Figure  1-21. 


FIGURE  1-21  DIMPLING  PARAMETERS 


One  standard  liniple  angle  (  oC  =  40**)  is  generally  used  in  aircraft,  but 
special  dies  for  ot  =30“  and  cA.  ^  50°  were  made  to  enable  full  coverage  of 
the  dimpling  spectrum.  Figure  1-22  displays  the  dies  graphically  to  show 
the  wide  range  of  dimple  angles  (  0^.  )  and  flange  heights  (h/R)  used  in  this 
program . 


BENO  ANGLE  -  •=< 

FIGURE  1-22  DIMPLING  DIES 
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Figure  1-23  is  ®  close-up  view  of  a  triple  action  coin  ram  die  shown 


in  Figure  1-22. 


FIGURE  1-23  TRIPLE  ACTION  COIN  RAM  DIMPLING  DIE 


All  materials  having  improved  properties  in  the  heat  treated  condition 
were  dimpled  in  this  condition  to  simulate  actual  part  fabrication.  Produc¬ 
tion  parts  are  almost  never  dimpled  in  the  annealed  condition  because  sub¬ 
sequent  heat  treatment  would  cause  a  misalignment  of  holes . 

The  major  limitations  in  dimpling  were  machine  pressure  and  die  tempera¬ 
ture  .  Many  of  the  high  strength  alloys  displayed  poor  definition  at  room  tempo 
ture  due  to  insufficient  pressure  and  were  dimpled  at  elevated  temperature . 
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The  elevated  temperature  diraplir^  also  displayed  poor  definition  for  some 
materials  because  the  induction  heated  dies  did  not  develop  sufficient 
temperature.  However,  resistance  heated  dies  are  being  made  available  by 
vendors  to  accoranodate  the  new  alloys . 

Dimpling  blanks  usually  contain  a  series  of  pilot  holes  to  be  dimpled 
in  rapid  succession.  However,  the  sketches  in  Figures  1-24  and  1-25  show 
a  one  hole  segment  for  illustration.  Figure  1-24  illustrates  the  prepara¬ 
tory  pilot  hole  and  resulting  good  dimple. 


PILOT  HOLE 


FIGURE  1-24  DIMPLING  PROCEDURE 
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The  two  major  failures  in  dimpling  are  circumferential  and  radial 


splitting  as  shown  in  Figure 


RADIAL  CRACKS 


CIRCUMFERENTIAL  CRACKS 


FIGURE  1-25  MAJOR  FAILURES  IN  DIMPLING 


Minor  distortions  resulting  from  the  dimpling  process  are  web  buckling 
and  edge  extrusion.  These  distortions  are  not  applicable  for  this  contract 
since  a  triple-action  coin  dimpler  was  used  to  eliminate  both  effects. 

Circumferential  failure  is  the  result  of  bending  which  is  strongly 
affected  by  the  coining  action  and  material  thickness .  The  sketches  and 
t  vs.  Ot  curve  in  Figure  1-26  show  that  thin  gage  materials  will  conform  to 
the  small  radius  (r)  and  fail  if  r/t  is  less  than  that  necessary  for  brake 
forming  the  same  material.  However,  the  die  pressure  and  coining  force  is 
insufficient  to  cause  thick  material  gages  to  conform  to  the  small  radius 
(r)  so  that  larger  free-forra  radii  result  in  increased  formability. 
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FORCE 

FOR  SMALL  t  p-QP  LARGE  f 

FIGURE  1-26  LIMIT  CURVE  FOR  CIRCUMFERENTIAL  F  AILURES 


Radial  failures  occur  when  the  available  elongation  in  the  outer  fiber 
of  the  stretch  flange  is  exceeded.  The  curve  in  Figure  1-27  is  defined  by- 
good  parts  below  the  curve  and  radially  failed  parts  above  the  curve.  The 
curve  shows  high  h/R  flange  heights  can  be  formed  for  small  angles  and  that 
large  angles  require  reduced  h/R  values.  Thin  gage  material  fails  more 
readily  than  thick  gage  material  since  the  forging  action  causes  thinning 
and  the  thicker  gage  can  supply  more  elongation  than  a  thin  gage  material. 
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FIGURE  1-27  CURVE  FOR  R'VDJAL  FAILURES 

The  applied  stress  and  the  strain  diagram  oi  a  dimple  specimen  is 
shown  in  Figure  1-28.  The  strain  diagram  shows  that  +  -  0  , 

The  value  for(^_y/  \  was  determined  by  the  Energy  of  Distortion  Theory 

using  empirical  data  and  allows  the  dimpling  process  to  be  plotted  on  the 
"Effective  Strain"  Ellipse  in  Figtire  1-133  for  correlation  to  the 
standard  tensile  specimen. 
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FIGURE  1-28  APPLIED  STRESS  AND  STRAIN  DIAGRAMS  FOR  DIMPLING 
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FIGURE  1-29  CIRCUMFERENTIAL  AND  RADIAL  SPLITTING  FAILURES  FOR  DIMPLING 


RUBBER  STRETCH  AND  SHRINK  FLANGING 


The  forming  of  stretch  and  shrink  flanges  on  the  rubber  press  (the 
Guerin  Process)  is  one  of  the  major  methods  of  producing  contoured  flanges 
for  aircraft  parts.  A  5,000  ton  Lake  Erie  rubber  press,  shown  in  Figure  1-30, 
was  used  to  form  both  stretch  and  shrink  flanges  on  this  program. 


FIGURE  I  30  5,000  TON  LAKE  ERIE  RUBBER  PRt.SS 
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Stretch  and  shrink  flange  dies,  as  illustrated  in  Figure  I-3l(a),  for 
determining  buckling  limits  were  used  to  form  parts  ranging  in  radius  from 
10  inches  to  l60  inches  with  a  k  inch  maximum  flange  height.  The  circular 
die  illustrated  in  Figure  I-3l(b)  was  used  to  provide  a  4  ir.ch  radius  for 
stretch  flange  splitting  and  a  6  inch  radius  for  increased  shrink  flange 
range.  The  pnotograph  of  tooling  is  shown  in  Figure  1-32. 


FIGURE  1-31  RUBBER  FLANGING  DIES 
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FIGURE  1-32  TOOLING  FOR 
RUBBER  FORMED  FLANGES 


The  blanks  for  producing  rubber  formed  stretch  and  shrink  flanges  are 
generally  fabricated  by  either  sawing  or  blanking  with  a  subsequent  deburring 
operation.  Figure  1-33  illustrates  the  stretch  and  shrink  flange  blanks  and 
resulting  good  parts. 
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RUBBER  STRETCH 


RUBBER  SHRINK 


FIGURE  1-33  RUBBER  FORMED  STRETCH  AND  SHRINK  FLANGE  BLANKS 
AND  RESULTING  GOOD  PARTS 


The  parameters  for  rubber  formed  stretch  and  shrink  flanges  are  flange 
height  (h) ,  contour  radius  (R)  and  material  thickness  (t)  as  shown  in  the 
sketches  in  Figure  1-34. 
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FIGURE  1-34  PARAMETERS  FOR  RUBBER  FLANGING 

Major  failxires  for  rubber  formed  stretch  flanges  are  elastic  sine 
wave  buckling,  splitting  and  insufficient  pressure. 

Sine  wave  buckling,  shown  in  Figure  I-35;>  occurs  when  the  forming 
pressure  is  removed  from  the  i>art  due  to  residxial  stresses  remaining  in 
the  flange .  These  buckles  can  generally  be  pressed  out  by  subsequent  hot 
finish  for  ng  if  buckling  is  not  too  severe. 


FIGURE  1-35  SINE  WAVE  BUCKLING  OF  RUBBER  FORMED  STRETCH  FLANGE 
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Flange  splitting,  shown  in  Figure  I-36,  is  dependent  on  the  available 
elongation  for  a  given  material  and  eliminated  only  by  decreasing  the  h/R 
value  to  forraable  limits. 


flange  splitting 

FIGURE  1-36  FLANGE  SPLITTING  OF  RUBBER  FORMED  STRETCH  FLANGE 

Insufficient  pressure  resiilts  in  a  part  that  is  not  conipletely  pressed 
against  tne  die.  This  failure  is  shown  in  a  cross-sectional  view  of  the  flange 
and  die  in  Figure  1-37  •  Insufficient  pressure  failures  result  for  low  values 
of  h/t  and  can  be  eliminated  only  by  increasing  the  h/t  value  or  the  forming 
pressure . 


RGURE  1-37  INSUFFICIENT  PRESSURE  FAILURE 
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The  major  failure  in  rubber  formed  shrink  flanges  is  the  formation  of 
wrinkles,  as  illustrated  in  Figure  I -38.  These  wrinkles  form  for  large 
h/t  and  small  h/R  values  or  small  h/t  and  large  h/R  values. 


WRINKLES 


FIGURE  1-38  WRINKLING  IN  RUBBER  FORMED  SHRINK  FLANGE 


The  wrinkles  first  form  as  normal  plate  buckling  sine  waves  from 
compressive  hoop  stresses  and  are  pressed  into  wrinkles  with  continued 
forming  as  shown  in  Figure  1-39'. 


1/2  DOWN 


3/4  DOWN 


TOUCHING 

BLOCK 


DOWN 


FIGURE  1-39  FORMATION  OF  WRINKLES  IN  RUBBER  FORMED  SHRINK  FLANGE 
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The  minor  distortions  for  rubber  formed  stretch  and  shrink  flanges 
are  hump,  sprlngback,  crown  and  shear  buckling,  as  shown  in  Figure  l-4o. 
These  minor  distortions  are  common  for  stretch  and  shrink  flanges,  however, 
it  should  be  noted  that  the  shear  buckling  and  crown  for  stretch  flanges 
are  in  opposite  directions  from  the  shrink  flanges. 

A  hump  in  the  bend  area  occurs  when  there  is  insufficient  pressure  to 
force  the  part  to  the  die  and  is  common  for  parts  with  large  h/K  and 
small  h/t  values.  This  distortion  can  be  minimized  by  using  higher  form¬ 
ing  pressxires  and  smaller  material  thicknesses . 

Sprlngback  and  crown  occur  on  all  formed  parts  and  depend  on  the 
material  and  the  shape  of  the  part.  They  can  be  eliminated  by  hot  finish 
forming,  allowance  for  sprlngback  and  crown  on  the  forming  tool  or  hand 
working . 

Shear  buckling  is  an  end  condition  that  occurs  at  high  h/B  values 
for  materials  with  a  low  E/Sij.y  value,  where  E  is  the  modulus  of 
elasticity  and  Sij>y  is  the  tensile  yield  strength.  Control  of  this 
distortion  can  be  made  only  by  allowing  excessive  material  so  that  ends 
can  be  trimmed. 
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STRETCH  FLANGES  SHRINK  FLANGES 

FIGURE  1-40  MINOR  FAILURES  FOR  RUBBER  FORMED  STRETCH  AND 
SHRINK  FLANGES 
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Rubber  formed  stretch  flange  curves,  illustrated  in  Figure  I-4l,  are 
define*:  oy  good  parts  under  the  curve  and  failed  parts  over  the  curve . 
Buckling  occurs  for  large  h/t  values  and  splitting  occurs  for  high 
h/R  values. 


FIGURE  1-41  RUBBER  FORMED  STRETCH  FLANGE  CURVE 


Rubber  formed  shrink  flange  curves.  Illustrated  in  Figure  I-U2,  are 
defined  by  good  parts  under  the  curve  and  failed  parts  over  the  curve. 
Elastic  buckling  occurs  for  large  h/t  and  small  h/R  values  while  plastic 
buckling  occurs  for  small  h/t  and  large  h/R  values. 
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FIGURE  1-42  RUBBER  FORMED  SHRINK  FLANGE  CURVE 


The  applied  stress  and  the  strain  diagram  for  a  rusher  formed  stretch 
flange  is  shown  in  Figure  The  strain  diagram  shows  ^ 

The  value  for  0.99  was  determined  by  the  Energy  of  Distortion 

Theory  using  empirical  data  and  allows  the  rubber  stretch  flanging  process 
to  be  plotted  on  the  "Effective  Strain"  Ellipse  in  Figure  1-133  Tor  correla¬ 
tion  to  the  standard  tensile  specimen. 
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NEUTRAL  AXIS 
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FIGURE  1-43  APPLIED  STRESS  AND  STRAIN  DIAGRAMS  FOR  RUBBER 
FORMED  STRETCH  FLANGING 
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FIGURE  1  44  PROGRESSIVE  SINE  WAVE  BUCKLING  FOR  RUBBER  FORMED  STRETCH  FLANGES 


FIGURE  1  44(Ai  SPLITTING  FOR 


FIGIJF';E  I  4  1  C  PLASTIC  BUCKLING  FOR  RUBBER  FORMED  SHRINK  FLANGES 


LINEAR  STRETCH  FORMING 


The  principle  methcxl  of  forming  contoured  angle,  channel  and  hat 
sections  is  by  stretching  on  the  linear  stretch  press.  The  ITj  ton,  A-10 
Hufford  Stretch  Press,  shown  in  Figure  I-U5,  was  used  to  form  heel-in  and 
heel-out  angle  and  channel  sections  p  ’ -in  hat  sections  for  this 

program . 


FIGURE  1-45  17  l/z  TON,  A-10  HUFFORD  STRETCH  PRESS 
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The  linear  stretch  dies,  shown  in  Figure  I-46,  provided  a  wide  range 
of  contour  radii  for  sections  which  were  formed  with  contour  radii  ranging 


1”  te  80"  for  angle  and  channel  sections  and  3"  to  8C)"  for  hat  sections. 


:  IGURE  1-46  TOOLING  FOR  LINEAR  STRETCH  FORMING 
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The  parameters  in  linear  stretch  forming  are  flange  height  (h) ,  contour 
radius  (R)  and  material  thickness  (t)  as  illustrated  by  the  heel-in  angle 
section  in  Figure  1-47. 


SECTION  "A"  -"A” 


FIGURE  1-47  PARAMETERS  FOR  LINEAR  STRETCH  FORMING 


The  photographs  in  Figures  1-48,  1-49  and  l-i>0  show  the  progressive 
steps  in  linear  stretch  forming.  Figure  1-48  shows  a  heel-out  angle  section 
being  stretched  to  yield  before  wrapping.  Stretching  to  yield  before 
wrapping  enables  the  neutral  axis  of  the  heel-out  angle  section  to  shift  to 
the  inner  fiber  of  the  flange  as  further  wrapping  is  accomplished  in 
Figure  1-49* 


I-)i3 
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FIGURE  1-48  HEEL-OUT  SECTIONS-STRETCHED 
TO  YIELD  BEFORE  WRAPPING 


FIGURE  1-49  HEEL-OUT  SECTIONS-IN  ,  £SS 
OF  WRAPPING 
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Figure  1-50  shows  the  heel-out  angle  section  completely  wrapped.  The 
part  is  given  a  final  setting  operation  by  increasing  the  tension  to  reduce 
springback  and  assure  part  to  die  fit. 


FIGURE  1-50  HEEL-OUT  SECTIONS  -  COMPLETELY  WRAPPED 


The  major  failures  in  linear  stretch  forming  are  splitting,  uuckI- 

ing  and  twist  buckling  while  the  minor  distortions  involved  are  "walking", 
transverse  buckling  and  wrinkling.  Since  five  part  configurations  are  involved 
in  the  failure  analysis,  failures  for  each  configuration  will  be  presented 
separately  in  pictorial  form  in  Figures  I-  1  throi  1-55  on  the  following 
pages . 


I-V; 
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MAJOR  FAILURES 


PLATE  BUCKLING 


MINOR  DISTORTIONS 


TRANSVERSE  BUCKLING 


SECTION  ''A"-"A" 
WALK 


FIGURE  1-51  FAILURES  FOR  HEEL-IN  ANGLE  SECTIONS 
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MAJOR  FAILURES 


MINOR  DISTORTIONS 


SECTION 

TRANSVERSE  BUCKLING 


FIGURE  1-53  FAILURES  FOR  HEEL-IN  CHANNEL  SECTIONS 
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MAJOR  FAILURES 


TWIST  BUCKLING 


FIGURE  1-55  FAILURES 


MINOR  FAILURES 


WALK 


HEEL-IN  HAT  SECTIONS 
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Transverse  buckling  is  a  minor  distortion  occurring  in  heel-in  sections 
which  is  caused  by  improper  die  clearances.  This  distortion  can  be  minimized 
by  proper  shimming  of  parts. 

''Walk''  and  wrinkles  are  minor  distortions  occurring  in  heel-in  and  heel- 
out  sections  respectively.  Both  "walking"  and  wrinkling  occur  as  the  part 
is  first  wrapped  around  the  die  and  can  be  removed  by  subsequent  stretching  of 
the  part.  The  only  limitation  of  this  subsequent  stretching  is  the  ultimate 
strength  of  the  material.  If  no  "walking"  or  wrinkling  is  evident  in  a 
fractured  part,  the  part  cannot  be  evaluated  because  there  is  no  evidence 
that  the  part  has  not  been  pulled  beyond  the  amount  necessary  to  eliminate 
the  minor  distortions.  If  "walking"  or  wrinkling  is  present  but  no  fracture 
occurs,  the  part  cannot  be  evaluated  because  it  has  not  been  pulled  enough. 

The  above  discussion  defines  the  splitting  criteria  illustrated  in 
Figure  I -56.  The  cross  hatched  quadrants  represent  parts  that  cannot  be 
evaluated . 


/  /  /  /  ~T  i  /  T~r-r/  T 

/  WAUKING  OR  WRINKL.ING  / 

NO  SPLITTING  / 

^  (NOT  PUULED  ENOUGH)  ^ 

/  ///////////  / 

SPLIT 

WALKING  OR  wrinkling  IS 

PRESENT 

GOOD 

//////////// 
'/  SPLIT  / 

PRESENT 

/  NO  WALK  OR  WRINKLING  / 

^  (PUI_I_ED  TOO  MUCH)  ^ 

'////////// / 

FIGURE  I-5G  SPLITTING  CRITERIA  FOR  LINEAR  STRETCH  FORMING 
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Plate  buckling  results  from  residual  stresses  which  deform  the  part 
after  machine  pressures  art  released  and  is  evaluated  in  the  same  manner  for 
both  heel-in  and  heel-out  parts.  The  buckle  appears  as  a  regular  sine  wave 
in  the  flange  and  a  slight  amount  of  "walking"  in  heel -in  parts  will  assure 
that  the  pert  has  not  been  pulled  too  much,  whereas,  wrinkling  in  heel-out 
parts  will  show  that  the  part  has  not  been  pulled  enough. 


The  linear  stretch  curve,  illustrated  in  Figure  I-57>  is  defined  by 
good  parts  below  the  curve  and  failed  parts  above  the  curve.  It  will  be 
noticed  that  the  splitting  limit  line  takes  on  increasingly  negative  slopes 
as  h/t  increases  and  is  dependent  on  h/t  as  well  as  h/R.  The  reason  becomes 
clear  when  it  is  realized  that  the  splitting  criteria  involved  buckling  which 
is  a  function  of  h/t. 


FIGURE  1-57  LINEAR  STRETCH  LIMIT  CURVE 
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The  applied  stress  and  the  etrain  diagram  for  a  linear  stretch  sample 
is  illustrated  in  Figure  I-58*  The  strain  diagram  shows  + 

The  va'ue  for  (».  ^  C©  -  0*93  was  determined  by  the  Energy  of  Distortion 
Theory  using  empirical  data  and  allows  the  linear  stretch  process  to  be 


plotted  on  the  "Effective  Strain”  Ellipse  in  Figure  1-133  Tor  correlation 


OUTER  ^ 
SURFACE ~ 


T  ^  -v  -  0 


figure  1-58  APPLIED  STRESS  AND  STRAIN  DIAGRAMS  FOR  LINEAR 
STRETCH  AND  LINEAR  ROLL  FORMING 
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FIGURE  1-59  BUCKLING  OF  LINEAR  STRETCH  FORMED  HEEL-OUT  ANGLE  SECTIONS 


FIGURE  I  59(A  SPLITTING  OF  LINEAR  STRETCH  FORMED  HEEL  OUT  ANGLE  SECTIONS 


FIGURE  1-59(0  SPLITTING  OF  LINEAR  STRETCH  FORMED  HEEL-IN  ANGLE  SECTIONS 


FIGURE  I  59^01  BUCKLING  OF  LINEAR  STRETCH  FORMED  HEEL-  OUT  CHANNEL  SECTIONS 


FIGURE  I  59('Ei  TWIST  BUCKLING  OF  LINEAR  STRETCH  FORMED  HEEL  IN  HAT 
SECTIONS 
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LINEAR  ROLL  FORMING 


The  linear  roll  process  is  commonly  used  for  forming  contoured  heel -in 
and  heel-out  channel  sections  when  the  maximum  flange  heights  desired  do 
not  exceed  I.5  inches.  Angle  sections  are  obtained  by  forming  channel 
sections  and  subsequent  splitting  of  the  channels  into  angle  sections . 

The  Kane -Roach  (3  Roll)  rolling  machine,  shown  in  Figure  I-60,  was  used  to 
form  heel -in  and  heel -out  channel  sections  for  this  program. 


FIGURE  1-60  KANE-ROACH  (  3  ROLL) 
ROLLING  MACHINE 
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The  rolling  dies  shown  on  the  Kane -Roach  rolling  machine  in  Figure  I-6l 
are  typical  of  the  dies  used  to  form  the  channel  sections  for  this  program. 
The  dies  required  contour  radii  of  5"  or  greater,  a  minimum  material 
thickness  of  0.020"  and  a  maximum  material  thickness  of  0.063".  The 
schematic  of  the  linear  roll  process,  shown  in  Figure  1-62,  illustrates 
the  part  types  (heel-in  and  heel-out  channels)  and  the  set-up  for  a  heel-in 
channel  section. 


FIGURE  1-61  DIES  FOR  ROLL  FORMING 
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The  parameters  for  linear  roll  forming  are  flange  height  (h) ,  contour 

i-adiu3  (R)  and  material  thiclnesa  (t),  as  illustrated  in  Figure  I-6j. 


n 


If 


SECTION  ”6' 
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FIGURE  1-63  PARAMETERS  FOR  LINEAR  ROLL  FORMING 

Roll  forming  is  a  process  that  depends  on  operator  technique .  Premature 
buckling  will  occur  if  the  contour  radius  (r)  is  decreased  in  increments 
that  are  too  severe  or  too  many  passes  are  made  causing  work  hardening  of 
the  material  and  changing  its  buckling  characteristics .  The  operator 
usually  forms  several  trial  parts  in  order  to  get  a  feel  for  the  material 
involved  and  the  geometry  desired. 


T-63 
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The  major  failure  for  linear  roll  forming  of  heel-out  channel  sections 


is  wrinkling.  This  failure  occurs  as  a  result  of  the  neutral  axis  not 
snifting  to  the  inner  fiber  of  the  flange  as  illustrated  in  Figure  1-64 


GOOD  PART 


WRINKLING 


NEUTRAU 

AXIS 


FIGURE  1-64  MAJOR  FAILURE  FOR  HEEL-OUT  CHANNEL  SECTIONS 
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Transverse  buckling  of  heel-in  parts  is  the  result  of  the  flange  bu‘  kling 


to  relieve  tensile  stresses  in  the  outer  fiber.  This  buckling  occurs  in 
the  area  between  the  rolling  dies  where  the  flange  is  unsupported  as 
shown  in  Figure  1-66. 


TRANSVERSE 

BUCKLING 


SECTION  "F"  -"F" 


FIGURE  1-66  SET-UP  FOR  HEEL-IN  CHANNEL  SECTIONS 
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The  minor  distortions  in  linear  roll  forming  are  "walking",  plate 
buckling,  web  buckling  and  splitting  in  the  web.  "Walking"  or  crown  in 


the  web  occurs  for  both  heel-in  and  heel-out  channel  sections  while  plate 
buckling,  web  buckling  and  splitting  in  the  web  occur  only  in  heei-lc.  channel 
sections.  These  minor  die*  :  r  ■■.i  ':  iliv  r.i-uted  in  Figures  I -67  and  1-68. 


SECTION  "E"  -"E" 
WALKING 


PLATE  BUCKLING  SPLITTING  IN  WEB  WEB  B  i  KLING 


FIGURE  1-67  MINOR  DISTORTIONS  FOR  HEEL  IN  CHANNEL  SECTIONS 
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WALKING 

FIGURE  1-68  MINOR  DISTORTIONS  FOR  HEEL  OUT  CHANNEL  SECTIONS 

Although  3»nc  'rfave  -u-.,’  r.j  .s  .considered  a  najor 

failure,  it  is  conaldered  minor  for  hecl-in  roll  formed  sections  because 
transverse  buckling  occurs  first.  The  exception  Is  for  naterlals  with  low 
L/SpY  values  where  transverse  buckling  and  plate  buckling  occur  simultaneously. 

Buckling  in  the  web  occurs  when  the  web  width  exceeds  for  material 

thicknesses  of  0.020"  or  less  and  splitting  in  the  web  results  from  bend 
radius  reduction  as  the  contour  radius  (F)  is  decreased.  Both  web  condi¬ 
tions  are  considered  secondary  failures  since  transverse  buckling  occurs 
in  the  earlier  stages  of  forming. 
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The  linear  roll  curve,  Illustrated  In  Figure  I -69.  la  defined  by  good 
parts  below  tne  ’Urve  and  failed  parts  above  the  curve.  Tne  curve  shows 
that  tuckllng  <  ■'■curs  fur  nigh  values  of  n/t  and  splitting  for  high  values 
ol  h  P  oplittlng  rfas  not  encountered  in  this  progran  because  transverse 
bu"nl!ng  ■ 'urred  tr  relieve  tne  tensile  stresses  in  the  outer  fibers  of  the 
flanges  Htwe.er.  the  theoretlca.  splitting  Halt  curve  is  shown  since 
8pil*-ir»(  w  j.  i  :.--ur  for  high  values  cf  h/ R  if  flange  stability  were 
a*  ‘.a  ined 

.  r.  >  •  r.'  tar'  v  r«  •  r..  :  r  .*.:,ear  1 .  I.  r~.:n.£  an:  linear  stretch  lorr.ing 

ir«  I'.'r.ia..  •'<  i;;...-:  :>t.'‘es:i  an:  tr.e  strain  liagrar  :  i  n>  t  repeated.  Holer 
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FIGURE  I  69  LINEAR  ROLL  LIMIT  CURVE 
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FIGURE  I  70  SINE  WAVE  BUCKLING  OF  LINEAR  ROLL  FORMED 
HEEL-  IN  CHANNEL  SECTIONS 
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SPLITTING  IN  THE  WEB  RADIUS  OF  LINEAR  ROLL  FORMED 
HEEL  IN  CHANNEL  SECTIONS 


SHEET  STRETCH  FORMING 


Sheet  stretch  foming  is  a  common  method  for  double  contouring  relatively 
large  sheet  metal  parts .  The  300  ton  Sheridan  Stretch  Press ,  shown  in 
Figure  I-71>  was  used  to  form  sheet  stretched  double  contour  parts  for 
this  program.  Although  the  sheet  can  be  stretched  in  either  one  or  both 
directions  by  the  jaws  of  the  stretch  press  while  the  die  is  displaced  up¬ 
ward  into  the  part,  only  a  single  set  of  Jaws  were  used  and  the  two  free 
edges  of  the  sheet  were  free  to  move  Inward  while  the  sheet  was  stretched 
in  the  other  direction.  The  sheet  stretch  forming  set-up  is  illustrated 
in  Figure  1-72. 


FIGURE  I  -  71  300  TON  SHERIDAN  STRETCH  PRESS 
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FIGURE  I  -  72  SCHEMATIC  OF  SHEET  STRETCH  SET-UP 
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The  parameters  for  sheet  stretch  forming  are  longitudinal  radius  (Rl) > 
transverse  radius  (Rt) >  longitudinal  chord  length  (L)  and  transverse  chord 
length  (T) ,  as  illustrated  in  Figure  1-73- 


FIGURE  I  -  73  PARAMETERS  FOR  SHEET  STRETCH  FORMING 
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The  double  contour  dies  for  sheet  stretch  forming,  shown  in  Figure  1-7^, 
covered  a  wide  range  of  contour  radii  and  chord  lengths.  The  combinations  of 
contour  radii  and  chord  lengths  are  given  in  the  following  table- 


Rl 

L 

% 

T 

15 

17-5 

15 

17-5 

30 

24.0 

15 

21.5 

uo 

24.0 

15 

23.5 

60 

24.0 

15 

24.5 

60 

25.5 

60 

25-5 

FIGURE  I  -  74  DOUBLE  CONTOUR  SHEET  STRETCH  DIES 
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The  only  failures  in  sheet  stretch  forming  are  three  types  of  splitting. 
The  first  type  of  splitting,  shown  in  Figure  1-75,  occurs  at  the  stretch 
press  Jaws  for  ductile  materials  that  do  not  thin  excessively  when  formed 
over  the  double  contour  die.  This  type  of  failure  occurs  for  almost  all 
materials  and  is  defined  as  the  forming  limit . 


FIGURE  I  -  75  SPLITTING  FAILURE  IN  FREE  AREA 
FOR  SHEET  STRETCH  FORMING 
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The  other  two  types  of  splitting,  illustrated  in  Figure  I-T6,  occur 
near  the  center  of  the  contour  die  for  materials  with  insufficient  ductility 
to  conform  to  the  dies  or  ductile  materials  that  thin  excessively  when 
stretched . 


BRITTLE  FAILURE  DUCTILE  FAILURE 

(MATERIAL  THINNING) 


FIGURE  I  -  76  SPLITTING  FAILURES  FOR  SHEET  STRETCH  FORMING 
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The  sheet  stretch  curve,  illustrated  in  Figure  1-11 ,  is  defined  by 


gocxi  parts  above  the  curve  and  failed  parts  below  the  curve.  Splitting 
results  for  small  values  of  %/T  and  Rl/L  while  good  parts  result  for 
larger  values  of  Rt/T  and  Rl/L.  The  theoretical  limit  is  the  point  where 
the  radius  Is  equal  to  l/2  the  diameter  so  that  the  die  would  have  to  be  a 
complete  half  sphere. 


The  applied  stress  and  the  strain  diagram  for  a  double  contoured  sheet 


stretch  part  is  shown  in  Figure  I-78.  The  strain  diagram  shows  €u  ( 

The  value  for  =  O.96  was  determined  by  the  Energy  of  Distortion 

Theory  using  empirical  data  and  allows  the  sheet  stretch  process  to  be 
plotted  on  the  "Effective  Strain"  Ellipse  in  Figure  1-133  for  correlation 
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FIGURE  1-79  DOUBLE  CONTOURED  SHEET  STRETCH  PARTS 


ANDROFORMING 


AiidrofcnnlDg  la  a  double  ccntour  skin  Cormin#;^  process.  A  Model  J 
Androlonnlng  machine,  llluatrated  in  Figure  i-80,  was  used  to  form  the 
symmetrical  double  contour  parts  f  r  this  program.  The  machine  used  was 

lo('a*ert  a‘  '  .  a  ..  .  •  c  :  .  -.iJ,  ■ 


FIGURE  1  -80  SCHEMATIC  OF  MODEL  J  ANDROFORM  MACHINE 
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I'ne  macnlne  cunsisis  '  !  ‘  fin'e  ''f  rr.j  t  :  \i/  '  tu-  rji  k.  3_,3'.f  TT  , 

(?)  the  shapiij;  systerr.,  and  (  ‘J  'he  j;ripper  Jaws.  ^.ru.  ^tni.nw  ':dw,e  i  tnt- 
sheet  is  fed  between  the  eiemi.'nts  in  a  anj  L  and  .-.arrifjfa  .  '  ne 

elements  at  a  and  b  are  -losed  to  preaeterr.l ned  -'aps  and  tne  ’ 

pulled  between  them  as  "o'  mt’ves  as  snown .  'Ine  eiemen’s  a'  h  ar'-  stra.^t’ 
they  have  no  transverse  curvature,  wnile  tr.e  eiemcr.ts  at  t  aiiil  are 
set  to  a  given  curvature  before'  Ii.rming  oegins.  !t.e  eiiges  ,  r*-prt  sent-- i  t, 
tne  distance  "X-X  ,  change  little  during  tv.rn.ing  but  tne  cen’ti  n.'i'udinai 
element  stretches  to  the  Length  Y-Y".  it  is  tne  dif  ference  between  '  (,e 
stretch  at  the  center  and  the  edge  of  tne  sheet  tnat  causes  the  '’cntour 
in  the  transverse  as  the  longitudinal  direction.  Tnere  js  anctner  factor 
which  contributes  to  the  contour.  The  center  longitudinal  element,  having 
stretched  more  than  the  edges,  has  a  greater  amount  cl  springback,  thus 
adding  to  the  double  contour. 


The  changing  of  dimension  A”,  shown  in  Figure  i -.il  ,  has  the  greatest 
effect  on  the  severity  of  double  contouring  of  any  of  the  rrachlne  adjust¬ 
ments.  Therefore,  all  adjustments  are  set  to  optimum  condltiins  of  a  givir 
gage  and  the  A"  dimensirr.  ^  s  varied. 


HOLD-BACK 

STAGE 


FORMING  STAGE 


FIGURE  1-81  DIMENSION  V  BETWEEN  HOLD  BACK  AND  FORMING  STAGES 

(ANDROFORMING  ) 
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'.'-i-  3r’3  ;  spe'iai  t'orminti  stage  dies  were  used  to  investigate  the 

:  orrratillty  :  tn*-  raarerials-  The  first  set  used  was  the  property  of 
Jonvair  and  nao  a  radius  of  Su  inches.  Since  this  radius  was  not  severe 
enough  to  find  the  forming  limits  for  some  materials,  a  20  inch  radius 
set  was  fabricated  and  used.  A  photograph  of  tne  20  inch  die  is  shown  in 
Figure  1-82. 


“IGURE  I  -  82  ANDROFORM  DIE  (20  INCH  RADIUS) 
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The  parameters  for  Androformlng,  illustrated  in  Figure  i-8i,  are 
longitudinal  contour  radius  (Rl) >  transverse  contour  radius  (Rt) > 
the  material  thickness  (t) . 


/ 


/ 


FIGURE  I  -  83  PARAMETERS  FOR  ANDROFORMING 
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The  failures  for  Androforming  are  splitting,  longitudinal  buckling 


and  transverse  buckling. 

Splitting,  shovra  in  Figure  I-8U,  is  the  result  of  bending  failure  when 
the  distance  "A"  (see  Figure  I-8l)  between  the  hold -back  stage  and  the 
forming  stage  becomes  critically  small.  The  Androform  splitting  curve, 
illustrated  in  Figure  is  defined  by  good  parts  above  the  curve  and 

split  parts  below  the  curve.  Similar  to  bending  failures  which  result  for 
small  values  of  R/t,  splitting  occurs  for  small  values  of  R^/  'ft"  and 
Rf/  'ff. 


FIGURE  I  -  84  SPLITTING  OF  ANDROFORM  PARTS 
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FIGURE  I  -  85  ANDROFORM  SPLITTING  CURVE 


Longituaiuai  ‘.rar^/erse  for  Aiiuroi Lririin^  are  sno'vn  lu 

Figure  1-86.  Buckling  results  for  small  contour  radii  and  thin  materia.! 
gages;  thick  material  gages  are  more  resistant  to  buckling.  The  Androforro 
buckling  curve,  illustrated  in  Figure  I -87,  is  defined  by  good  parts  above 
the  curve  and  buckled  parts  below  the  curve  and  shows  that  buckling  occurs 
for  small  values  of  R^t  and  RLt *  Stretching  after  buckling  occurs  will 
result  in  splitting. 

The  Androforming  process  is  not  plotted  on  the  "Effective  Strain" 
Ellipse  because  heat  treated  materials  were  used  that  had  elongations 
of  only  6  to  8  percent.  These  small  values  of  elongation  allow  considerable 
error  in  grid  measurements  for  calculation  of  the  effective  strain. 
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Since  the  {>art  geoinetry  Icr  Androroj”niln^  and  sheet  stretch  ii  rniin.;^  are 


identical,  the  applied  stress  and  the  strain  diagran;  is  not  repeated, 
to  Figure  I -jQ . 


FIGURE  I  -  86  BUCKLING  OF  ANDROFORM  PARTS 


LOG 


FIGURE  I  -  87  ANDROFORM  BUCKLING  CURVE 


Rei’ur 
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FIGURE  I  88  ANDROFORMING  DOUBLE  CONTOURING  WITH  THE  20  INCH  DIE 
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FIGURE  1-89  ANDROFORMING-DOUBLE  CONTOUR  AREA  BETWEEN  THE  FORMING  AND  HOLD-BACK  STAGES 


DEEP  DRAWING  WITH  MECHANICAL  DIES 


Deep  drawing  with  mechanical  dies  is  the  principle  method  of  forming 
deep  recessed  parts .  A  600  ton  Lake  Erie  hydraulic  press ,  shown  in  Figure  I -90 , 
was  used  to  form  cylindrical  cups  for  this  program. 


FIGURE  1-90  600  TON  LAKE  ERIE  HYDRAULIC 
PRESS 
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Figure  1-91  is  a  schematic  of  the  tooling  used  in  deep  drawing.  The 
shoe  and  spring  arrangement  was  used  to  prevent  movement  of  the  blank  during 
forming  and  resulted  in  increased  formability  by  eliminating  uneven  draw 
across  the  top  of  the  punch. 
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The  deep  draw  punches  and  die  rings,  shown  In  Figure  1-92,  were  used 
to  form  parts  ranging  in  diameter  from  2^  to  10  inches •  The  tools  were 
fabricated  from  hardened  steel  and  chrome  plated  to  reduce  friction  to  a 
minimum.  Further  friction  reduction  was  accomplished  with  International 
Drawing  compound  -  155 


FIGURE  l~92  DEEP  DRAW  TOOLING 
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The  parameters  for  deep  drawing,  as  shown  in  Figure  1-93,  are  blank 
radius  (R^3) ,  flange  height  before  forming  (h) ,  and  material  thickness  (t)  . 
The  relationship  of  the  flange  before  forming  (h)  to  the  final  cup  depth  (H) 
is  developed  in  Chapter  II  of  this  report. 


h  :  Rb  -  Rd 


FIGURE  1-93  PARAMETERS  FOR  DEEP  DRAWING 
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The  sketch  in  Figure  1-94  illustrates  the  compression  that  results 
as  a  given  segment  of  the  blank  conforms  to  the  draw  ring  and  corresponding 
punch.  Each  segment  on  the  blank  compresses  a  different  amour t  as  the  part 
is  drawn  to  t  punch  because  each  segment  is  at  an  increasingly  larger 
distance  away  from  the  punch  radius . 


FIGURE  1-94  CIRCUMFERENTIAL  COMPRESSION  IN  DEEP  DRAWING 
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The  maximum  principle  strain  in  deep  drawing  is  defined  as  the  strain 
that  occurs  from  actually  stretching  the  part  and  not  the  "free"  strain 
(Poisson's  Effect)  that  occurs  from  circumferential  compression-  The  acti«il 
compression  that  occurs  after  the  part  has  been  drawn  over  the  punch  is 
equal  to  zero-  The  "free"  strain  from  circumferential  compression  is 
illustrated  in  Figure 
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FIGURE  1-95  FREE-STRAIN  FROM  CIRCUMFERENTIAL  COMPRESSION 


The  failures  in  deep  drawing  are  circumferential  buckling  (wrinkling) 
and  splitting  in  the  cup  wall  at  the  point  of  maximum  stretching  as 
illustrated  in  Figure  I-96- 

Splitting  results  from  the  jninch  force  being  transferred  from  the  cup 
bottom  into  the  cup  wall  which  is  subject  to  axial  tensile  stresses-  As 
the  drawing  operation  is  continued,  thinning  occurs  in  the  cup  wall  near 
the  punch  radius  and  results  in  splitting. 
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The  axial  tensile  stresses  in  the  cup  wall  produce  reactive  stresses 
which  circumferentially  compress  and  radially  stretch  the  flange.  The 
hoop  stresses  introduced  cause  wrinltling  in  the  flange  under  the  pressure 
ring.  If  the  pressure  is  excessively  Increased  to  stop  wrinkling,  pre¬ 
mature  splitting  failure  may  result. 


FIGURE  1-96  FAILURES  FOR  DEEP  DRAWN  PARTS 
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The  deep  draw  curve.  Illustrated  in  Figure  I-97>  is  defined  by  good 
parts  below  the  curve  and  failed  (buckled  and  split)  parts  above  the  curve. 
Buckled  parts  are  drawn  until  splitting  occurs  to  assure  that  the  buckling 
can  not  be  removed  by  increased  pad  pressure. 


LOG 


O  GOOD  PART 


FIGURE  1-97  DEEP  DRAW  LIMIT  CURVE 


The  applied  stress  and  the  strain  diagram  of  a  deep  draw  sample  is 
illustrated  in  Figure  1-98-  The  strain  diagram  shows  (u-  6f  ®*^‘i 
€w=  0  J  therefore,  €i./€w=«®.  The  value  for  r  0.866 

was  determined  by  the  Energy  of  Distortion  Theory  and  allows  the  process 
to  be  plotted  on  the  "Effective  Strain"  Ellipse  in  Figure  1-133  for 
correlation  to  the  standard  tensile  specimen. 
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FIGURE  1-98  APPLIED  STRESS  AND  STRAIN  DIAGRAMS  FOR 
DEEP  DRAWING 
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FIGURE  1—99  BUCKLING  AND  SPLITTING  OF  DEEP  DRAW  PARTS 


SPINNING 


Spinning  is  another  method  of  forming  deep  recessed  parts .  The 
principle  difference  between  spinning  and  deep  drawing  is  that  deep 
drawing  produces  a  uniform  pressure  on  the  drawing  flange  to  prevent 
buckling  whereas  spinning  has  only  the  pressure  of  the  forming  and  back-up 
bars  in  this  area.  A  5  horsepower,  variable  speed.  Model  1006  Spin  Master, 
shown  in  Figure  I -100,  was  used  to  form  cylindrical  cups  for  this  program. 


FIGURE  1-100  MODEL  1006  HAAG  SPIN  MASTER 
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PIVOT 


final  friction  block 


FIGURE  1-103  SPINNING  PROCEDURE  (  STEP  2  ) 


FIGURE  l-i04  SPINNING  PROCEDURE  (STEP  3) 
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FIGURE  1-105  SPINNING  PRCX:EDURE  (  STEP  4) 

The  parair.cVc.rs  :cr  opinning,  as  snown  in  Figure  i~l06,  are  blank 
radius  (R^) >  flange  height  before  forming  (h)  and  material  thickness  (t) . 
The  relationship  of  the  flange  before  forming  (h)  to  the  final  cup  depth  (H) 
is  developed  in  Chapter  II  of  this  report. 


FIGURE  I-J06  PARAMETERS  FOR  SPINNING 
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The  sketch  in  Figiare  I -107  illustrates  the  compression  that  results 
as  a  given  segment  of  the  blank  conforms  to  the  spinning  die.  As  in  deep 
drawing,  each  segment  on  the  blank  compresses  a  different  amount  as  the 
part  is  spun  to  the  die  because  each  segment  is  at  an  increasingly  larger 
distance  away  from  the  die  radius . 


FIGURE  1-107  CIRCUMFERENTIAL  COMPRESSION  IN  SPINNING 
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The  maximum  principle  strain  in  spinning  is  defined  as  the  strain  ^hat 
occurs  from  actually  stretching  the  part  and  not  the  "free”  strain 
(Poisson's  Effect)  that  occurs  from  circumferential  compression.  The 
actual  compression  that  occurs  after  the  part  has  been  spun  over  the  die 
is  equal  to  zero.  The  "free  strain"  from  circumferential  compression  is 
illustrated  in  Figure  I-IOB. 


•'FREE"  STRAIN 

■POISSOfJ'S  EFFECT) 


FIGURE  1-108  FREE-STRAIN  FROM  CIRCUMFERENTIAL  COMPRESSION 


The  failures  in  spinning  are  sine  wave  plate  buckling,  plastic  buckling, 
circumferential  splitting  and  shear  splitting. 

Elastic  buckling,  illustrated  in  Figure  I-IO9,  takes  the  form  of 
sinusoidal  waves  and  occurs  when  the  critical  buckling  strength  of  the 
material  at  a  given  slenderness  ratio  (h/t)  is  less  than  the  yield 
strength. 
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FIGURE  1-109  ELASTIC  BUCKLING  FAILURE  FOR  SPINNING 


Plastic  buckling,  illustrated  in  Figure  I -110  occurs  when  the  slender¬ 
ness  ratio  (h/t)  is  small  and  the  critical  buckling  strength  of  the  material 
is  higher  than  the  yield  strength.  This  type  of  failure  is  usually 
accompanied  by  shear  splitting  that  occurs  when  the  operator  tries  to 
remove  the  plastic  buckling. 

Circumferential  splitting,  illustrated  in  Figure  I -111,  results  when 
the  operator  uses  excessive  wiping  action  in  an  attempt  to  remove  previous 
buckling.  However,  splitting  occurs  at  a  higher  value  of  h/R^  than 
plastic  buckling,  therefore,  eliminating  it  as  a  major  failvire. 
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The  spinning  curve,  illustrated  in  Figure  1-112,  is  defined  by  gocxi 
parts  below  the  curve  and  failed  parts  above  the  curve.  Elastic  buckling 
results  for  high  values  of  h/t  while  plastic  buckling  and  shear  splitting 
occur  for  small  values  of  h/t.  Circumferential  splitting  occurs  at  a 
higher  value  of  h/R^  than  plastic  buckling  and  considered  as  a  secondary 
failure . 


FIGURE  1-112  SPINNING  LIMIT  CURVE 
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The  applied  stress  and  the  strain  diagram  of  a  spinning  sample  is 
illustrated  in  Figure  1-113-  The  strain  diagram  shews 

and  i^-0  ;  therefore,  «  -  The  value  for  0.866 

was  determined  by  the  Energy  of  Distortion  Theory  and  allows  the  process 
to  be  plotted  on  the  "Effective  Strain"  Ellipse  in  Figure  1-133  Tor 
correlation  to  the  standard  tensile  specimen. 


SURFACE  0 

f  u  +  ft  =  0 


FIGURE  1-113  APPLIED  STRESS  AND  STRAIN  DIAGRAMS  FOR  SPINNING 
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RUBBER  PRESS  BEADING 


Beading,  a  shallow  recessing  process.  Is  the  principal  method  used 
for  achieving  stiffness  In  thin  sheet  metal  panels.  Although  the  rubber 
beading  process  is  coinnonly  used,  drop  hammer  beading  Is  considered  to 
be  a  much  superior  process.  A  3,000  psi  HPM  Die  Press,  shown  in  Figure 
I-115>  was  used  to  form  the  rubber  formed  beaded  panels  for  this  program. 


FIGURE  1-115  3,000  PSI.  HPM  DIE  PRESS 
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The  tooling  for  rubber  press  beading,  shown  in  Figure  I-II6,  consists 
of  a  base  plate  with  tooling  holes  to  accommodate  different  size  bead 
inserts  and  allow  a  variable  bead  spacing  in  increments  of  3/8  inch. 

The  bead  inserts  range  in  radius  from  l/k  to  '^/k  inches . 
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The  parameters  for  rubber  beading  are  bead  radius  (R) ,  distance 
between  bead  centers  (L)  and  material  thickness  (t)  as  shovm  in 
Figure  1-117* 


FIGURE  1-117  PARAMETERS  FOR  RUBBER  BEADING 

The  most  objectionable  limitation  of  rubber  beading  is  the  large  free¬ 
form  bend  radius  (r)  that  a  given  material  will  form  regardless  of  the  bead 
height  or  spacing  due  to  insufficient  pressure.  Since  this  free -form 
radius,  illustrated  in  Figure  I-II8,  is  independent  of  the  bead  radius 
(r)  and  the  distance  between  beads  (L),  it  cannot  be  plotted  on  the  form- 
ability  cui^e.  However,  an  expression  for  this  radius  is  derived  in 
Chapter  II . 
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FIGURE  1-118  FREE  FORM  RADIUS  IN  RUBBER  BEADING 

The  major  failure  in  mibber  beading  is  splitting  in  the  free -form 
radius  area  as  illustrated  in  Figure  1-119 .  This  failure  results  when 
the  available  elongation  of  a  given  material  is  exceeded. 


FIGURE  1-119  MAJOR  SPLITTING  FAILURE  IN  RUBBER  BEADING 
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Splitting  failures  occurring  at  the  top  of  the  bead,  illustrated 
in  Figure  1-120,  are  due  to  bending  strain  superimposed  on  the  forming 
strain.  If  the  forming  strain  is  greater  than  the  allowable  bending 
strain  of  the  material,  failure  will  occur  before  the  part  is  completely 
formed . 


FIGURE  1-120  BENDING  FAILURES  IN  RUBBER  BEADING 


Buckling  in  the  panel  between  the  beads  occurred  for  large  bead  radii . 

This  buckling  was  not  considered  because  increasing  the  bead  length  to 
bead  radius  ratio  will  eliminate  the  buckling. 

I 
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The  rubber  beading  limit  curve,  illustrated  in  Figure  1-121,  is 
defined  by  good  parts  below  the  curve  and  failed  parts  above  the  curve . 
Splitting  results  for  high  values  of  R/L  and  R/t. 


FIGURE  1-121  RUBBER  BEADING  LIMIT  CURVE 


The  applied  stress  and  the  strain  diagrams  for  a  rubber  formed  beaded 
panel  is  shown  in  Figure  1-122.  The  strain  diagram  shows  €u+€w'*’Ct  -  0  * 

The  value  for  =  0*925  was  determined  by  the  Energy  of  Distortion 

Theory  using  empirical  data  and  allows  the  rubber  beading  process  to  be 
plotted  on  the  "Effective  Strain"  Ellipse  in  Figure  1-133  for  correlation 
to  the  standard  tensile  specimen. 
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FIGURE  1-122  APPLIED  STRESS  AND  STRAIN  DIAGRAMS  FOR  RUBBER  BEADING 
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DROP  HAMMER  BEADING 


As  previously  stated,  drop  haomer  forming  Is  considered  to  be  the 
superior  shallow  recessing  process  for  beading.  An  air  operated 
Cecostamp  Drop  Haaner  shown  in  Figure  1-124,  was  used  to  form  the  drop 
hammer  beaded  panels  for  this  program. 


FIGURE  1-124  CECOSTAMP  DROP  HAMMER 
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The  drop  hammer  dies,  partially  shown  in  Figure  1-125,  provide  bead 
spacings  of  2  to  5  inches  for  the  l/2  inch  radius  beads  and  3  to  5^ 
inches  for  the  1  inch  radius  beads . 


FIGURE  1-125  DROP  HAMMER  BEADING  DIES 


The  parameters  for  drop  hammer  beading  are  bead  radius  (r) ,  distance 
between  bead  centers  (L)  and  material  thickness  (t) ,  as  shown  in 
Figure  1-126. 
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FIGURE  1-126  PARAMETERS  FOR  DROP  HAMMER  BEADING 

The  forming  process  is  accomplished  in  several  stages  starting  with 
thick  rubber  strips  and  reducing  the  strips  at  each  stage  until  the  final 
stage  which  is  accomplished  without  the  strips.  The  sketches  in  Figure 
I-127j  illustrates  only  the  initial  and  final  stages.  As  the  material  is 
bent  around  the  bead  radius  in  the  initial  stage  (Position  A) ,  the  bending 
strain  superimposed  upon  the  forming  strain  ( C  i,  total  at  a)  gives  a 
distribution  as  shown  in  A.  If  ^  i  is  greater  than  the  maxisium  allowable 
bending  strain  of  the  material,  then  failure  will  occur  at  the  top  of  the 
bead  before  the  i>art  is  completely  formed .  If  (  3^  is  less  than  the 
maximum  allowable  bending  strain  of  the  material  the  part  will  develop  a 
strain  distribution  as  shown  in  B  and  the  part  will  fail  at  point  (d)  where 
€2  is  maximum  strain.  The  two  types  of  splitting  are  illustrated  in 
Figure  I -128. 
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FIGURE  1-128  SPLITTING  FAILURES  IN  DROP  HAMMER  BEADING 


The  drop  hammer  limit  curve,  illustrated  in  Figure  1-129,  is 
defined  by  good  parts  below  the  cxirve  and  failed  above  the  curve. 
Splitting  results  for  high  values  of  R/L  and  R/t. 
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FIGURE  1—129  DROP  HAMMER  BEADING  LIMIT  CURVE 


The  applied  stress  and  the  strain  diagram  of  a  drop  hatmner  beaded 
part  is  illustrated  in  Figure  I-I30.  The  strain  diagram  shows 

€w  -  0  J  therefore,  -  «0  .  The  value  for  Cl/ Ce  =  0*866 

was  determined  by  the  Energy  of  Distortion  Theory  and  allows  the  process 
to  be  plotted  on  the  "Effective  Strain"  Ellipse  in  Figure  I-I33  Tor 
correlation  to  the  standard  tensile  specimen. 
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FIGURE  I~I30  APPLIED  STRESS  AND  STRAIN  DIAGRAMS  FOR  DROP  HAMMER 
BEADING 
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EFFECTIVE  STRAIN 


The  table  in  Figure  1-132  gives  the  ratio  of  the  longitudinal  strain 
to  width  strain  (  €w  )  and  the  ratio  of  longitudinal  strain  to 

"effective"  strain  (  €9)  for  all  the  processes  with  splitting  as 

a  major  failure  except  Androf onning .  Androformlng  is  not  plotted  on  the 
"Effective  Strein"  Ellipse  because  heat  treated  materials  were  used  that 
had  elongations  of  only  6  to  8  percent.  These  small  values  of  elonga¬ 
tion  allow  considerable  error  in  grid  measurements  for  calculation  of 
the  "effective"  strain. 

The  "Effective  Strain"  Ellipse  in  Figure  1-133  is  the  combined 
strain  condition  for  uniform  strain  up  to  necking.  The  strains  for  the 
processes  plotted  are  uniform  strains  and  do  not  violate  the  basic 
assumptions  for  the  ellipse.  The  exceptions  are  strains  used  for  brake 
forming  and  Joggling  that  exceed  the  uniform  strain.  However,  €w 

is  equal  to  infinity  (  w  )  for  these  processes  regardless  of  the  magni¬ 
tude  of  the  longitudinal  strain  (  )  since  the  width  strain  (  (w  )  is 

equal  to  zero.  For  this  reason,  the  brake  forming  and  Joggling  processes 
are  plotted  with  the  other  eight  processes  for  comparison. 
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FIGURE  1-132  STRAIN  RATIOS  FOR  PLOTTING  THE  "EFFECTIVE 


STRAIN"  ELLIPSE 


ASD  TR  61-191(1) 


1-129 


P  <  <  0  u 

T  S  Z  ^ 

111  °  7  J 

^  J:  a.  1  o 

<  2  -  (5 

K  ®  111  B.  0 

CD  0  Q  (A  ^ 


j  ? 

iw 


iw/lj 


"  ') 


I 


NIVHJ.S  3NVnd 


\W^S 


ASD  TR  61-191(1) 


1-130 


FIGURE  1-133  "EFFECTIVE  STRAIN"  ELLIPSE  FOR  SHEET  METAL  FORMING 


CHAPTER  II 

DEVELOPMENT  OF  BASIC  EQUATIONS 
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SPLITTING  THEORY 


The  factors  determining  the  amount  of  strain  that  a  part  can  be  subjected 
to  without  failure  are; 

(1)  The  material 

(2)  Geometry  of  the  part 

(3)  The  complete  stress -strain  state  of  the  part  (triaxial 
stress -strain  consideration) 

(4)  Strain  gradients  across  the  part 

(5)  Stability  against  necking. 

The  material  determines  the  amount  of  elongation  a  part  can  take  before 
fracture.  The  geometry  of  the  part  indicates  the  amovmt  of  strain  that  has 
to  occur  to  develop  a  certain  shape.  The  stress -strain  state  of  the  part 
gives  the  biaxial  effect  that  takes  place  dwiixg  forming.  The  strain 
gradients  across  the  part  determine  the  amount  of  elongation  a  particular 
material  can  take  before  fractxire.  Finally,  stability  against  necking 
determines  fracture  sensitivity  in  that  the  more  near  maximum  elongation  is 
occurring  near  the  free  edge  emd  surface  of  the  part,  the  more  near  it  will 
be  to  fractvire. 

This  chapter  is  concerned  principally  with  the  second  factor.  The 
other  four  will  be  treated  elsewhere  in  this  book,  either  frcxn  a  theoretical 
or  empirical  approach. 
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BUCKLING  THEORY 


As  shown  by  the  failure  analysis  in  Chapter  I,  all  of  the  foming 
methods  except  five  exhibit  buckling  as  a  major  forming  limitation  along 
with  splitting.  These  five  exceptions  are  brake  fonning,  dimpling,  sheet 
stretch  forming,  rubber  bead  forming,  and  drop  hanuner  bead  forming.  The 
other  seven  forming  methods  will  exhibit  buckling  in  the  fonn  of  rectangular 
sine  wave  buckling,  sheet  shear  buckling,  circular  sheet  buckling,  and 
section  twist  buckling  as  shown  in  Figure  II -2. 

Rectangular  sine  wave  buckling  is  shown  to  result  when  thin  gage  sheet 
material  is  subjected  to  compressive  end  stresses .  A  sine  wave  buckle  will 
occur  where  each  half  wave  approximates  a  square.  Shear  buckling  of  sheet 
material  occurs  from  shearing  stresses  acting  on  the  part  resulting  in  sine 
wave  type  buckling  rotated  approximately  ^5*  from  the  long  direction  of  the 
sheet .  Circular  sheet  buckling  is  noted  to  occur  from  compressive  radial 
stresses  as  shown  (or  alternately,  from  tensile  radial  stresses  on  the  inside 
edge)  resulting  in  circumferential  sine  wave  buckling.  It  should  be  noted 
that  these  buckles  are  perpendicular  to  the  applied  radial  stresses;  however, 
resulting  circumferential  compressive  hoop  stresses  are  the  direct  stresses 
causing  the  buckling. 

Thin  gage  sheet  metal  stabilized  by  a  bend,  as  shown  by  the  angle  section, 
can  buckle  in  another  manner.  Twist  buckling  of  this  type  occurs  when  the 
twisting  stiffness  of  the  section  is  below  a  critical  minimum  value . 

The  edge  conditions  of  the  sheet  elements  control  the  ease  of  buckling. 
Practical  parts  have  only  two  possible  edge  conditions  as  shown  by  the  channel 
in  Figure  II -1. 
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WEB  FLANGE 


Fir  RE  II-l  EDGE  CONDITIONS  OF  PRACTICAL  PARTS  FOR  BUCKLING 

These  edge  conditions  are  designated  as  freely  supported  and  entirely  free 
as  shovm  by  the  web  and  flange  of  the  channel.  A  freely  supported  edge 
condition  is  one  that  is  free  to  rotate  but  is  constrained  to  reraaii 
straight,  thus  taking  no  bending  moment.  This  is  represented  by  both 
edges  of  the  web  and  one  edge  of  the  flange  because  of  the  stiffening 
bend  along  these  edges.  An  entirely  free  edge  condition  is  one  that 
can  bow  as  well  as  rotate,  represented  by  the  flange  with  the  free  edge. 


II -3 
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Webs  with  freely  supported  edges  are  much  more  difficult  to  buckle 
than  flanges.  P’or  this  reason,  only  flange  type  buckling  will  be  consider¬ 
ed  in  the  following  analysis.  Shear  buckling  and  circular  sheet  buckling 
will  be  considered  for  freely  supported  edges  only  because  the  edge  condi¬ 
tions  are  of  secondary  importance  in  these  cases.  Twist  buckling  will  be 
analyzed  for  sections  that  are  completely  free  to  rotate. 

The  general  sheet  buckling  equation  for  both  sine  wave  and  shear  buckling 
is : 

(Il-l) 

where  ScR  is  the  critical  compressive  buckling  stress,  h  is  the  width  and 
t  is  the  thickness  of  the  sheet,  k  is  a  numerical  factor  depending  on  the 
width  h,  the  length  L,  and  the  edge  conditions  of  the  sheet  element, 
and  D  is  the  sheet  constant  as  defined  by: 

(11-2) 

where  E  is  Young's  modulus  and  fj  is  Poisson's  ratio.  Substituting 
equation  (lI-2)  into  equation  (ll-l)  gives: 


(II-3) 
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where  Is  a  numerical  constant: 


k  TT 


The  general  buckling  equation  for  circular  sheet  is; 


(11-5) 


Scfi  =  ^ 


Ro  t 


12(1-  fj  (Ro/t) 


(II-6) 


ScR  :  B2 


(RoA)‘ 


where  all  of  the  paranveters  are  the  same  as  before  and  R^^  is  the  outside 
radius  of  the  circular  sheet.  The  numerical  constant  B2  in  this  case  is 
seen  to  be: 


(n-7) 


12(1-jJ[2) 


The  critical  buckling  stress  in  (II -3)  and  (II -6)  is  seen  to  be  directly 
proportional  to  B  and  E  and  inversely  proportional  to  (h/t)^  and  (Ro/t)^. 
This  means  that  materials  with  a  high  modulus  such  as  the  steels  and  some 
of  the  refractory  metals  are  resistant  to  buckling  whereas  the  titaniums 
and  aluminums  are  relatively  easy  to  buckle.  Also,  as  the  h/t  and  Rq/i 
value  gets  small,  it  is  more  buckle  resistant  as  would  be  the  case  for 
thick  gage  materials. 
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For  a  given  material,  however,  equations  and  (11-7)  indicate  the 

relative  ease  of  buckling  of  different  shape  parts  because  k  is  dependent 
on  the  length  and  width  of  the  sheet  element,  its  edge  restraints,  and 
types  of  loading.  This  constant  can  be  determined  for  the  three  types 
of  elements  found  in  sheet  forming. 

The  graph  in  Figure  11-3  gives  the  k  value  for  these  three  types  of 
elements ; 


Ro/r^  or  1-4 

FIGURE  II-3  DISTRIBUTION  OF  "  k  '  FOR  BASIC  BUCKLING  TYPES 

These  k  values  can  be  seen  to  be  fairly  constant  for  values  of  Rq/^I 
L/h  greater  than  3;  however,  the  k  value  rapidly  approaches  infinity  as 
L/h  approaches  zero.  The  k  value  for  a  circular  plate  with  a  hole  in  it 
can  be  seen  to  go  to  1.9  at  Rq/Ri  =  1  where  the  flange  becomes  zero. 
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By  substituting  these  k  values  for  practical  L/h  and  Rq/Ri  ratios 
into  equation  (lI-4)  and  (lI-7)>  the  following  B  values  can  be  computed 
giving  a  relative  evaluation  of  the  ease  of  buckling  the  three  fundamental 
sheet  elements  for  a  given  material: 

Case  A;  Rectangular  sine  wave  buckling 


for  L/h  2,  k  r  0.5 

B  =  JL.TL^.  =  (Q-^)  (3-1^)^ 

12(1  12(1  -  .09) 


0.45 


Case  B:  Rectangular  shear  buckling 


for  long  parts,  L/h  7  5,  k  =  5.5 

2 

B  =  (3-1^)^ 

12(1  )  12(1  -  .09) 

for  joggling,  L/'h  =1,  k  r  20 

B  -  120.)  ^  ( 3.:l4)f  .  20.0 

12(1  -  .09) 


5.0 
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Case  C;  Circular  sheet  buckling 


B  -  ^  -  2-2 

12(1  -  ^  2)  12(1  -  .09) 

The  general  twist  buckling  equation  is: 

(II-8) 


0.20 


where  Scr  is  the  critical  compressive  buckling  stress,  C  is  the  twist 


for  a  cross  section  of  f  slender  rectangles  and  a  modulus  of  rigidity  G, 
and  Ip  is  the  polar  moment  of  inertia  of  the  section  as  defined  by: 

(II -10) 

where  g  is  a  numerical  constant  depending  on  the  shape  of  the  c'  'action. 
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Combining  equations  (II-8),  (lI-9)»  and  (II-IO),  and.  substituting 

for  G  =  -J-  : 

2.5 


Twist  buckling  of  sections  is  seen  to  be  equivalent  to  sine  wave  and 
shear  buckling  by  comparing  equations  (II -ll)  and  (II-3);  however,  the 
size  constants  B  in  both  equations  are  considerably  different  as  seen  by 
comparing  the  following  equation  with  equation  (ll-4); 

(11-12) 

Evaluating  the  constant  for  three  typical  type  sections  results  in 
the  following: 
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Case  B;  Twist  buckling  of  channel  sections 


f  z  3  rectangles 
g  =  .92  computed 


Case  C: 


Twist  buckling  of  angle  sections 


f  =  2  rectangles 
g  =  .42  computed 


Remembering  from  equation  (ll-ll)  that  the  critical  buckling  stress  is 
directly  proportional  to  the  constant  B,  it  is  seen  from  the  above  calcula¬ 
tions  that  it  is  relatively  easy  to  twist  buckle  hat  sections  and  relative¬ 
ly  difficult  to  twist  buckle  angle  sections. 

It  should  be  noticed  in  equation  (ll-ll)  that  no  k  value  appears  as 
it  did  in  sheet  buckling  indicating  that  twist  buckling  is  independent  of  the 
length  of  the  element. 
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A  table  of  the  various  types  of  buckling  is  shown  on  the  following 
page  in  Figure  II -4.  This  table  gives  a  description  of  the  types  of  buckling 
with  equations  and  edge  conditions  for  each. 

The  B  value  is  also  shown  indicating  the  relative  ease  of  buckling 
for  each  type .  It  is  shown  that  twist  buckling  of  hats  and  circular  sheet 
buckling  are  the  easiest  because  of  their  low  B  value;  however,  deep  drawing 
of  circular  sheets  is  stabilized  considerably  with  the  aid  of  pressure  plates 
acting  normal  to  the  buckling.  Buckling  of  rectangular  plates  under  end 
compression  and  twist  buckling  of  channels  is  next  in  ease  of  buckling  as 
can  be  seen  by  the  respective  B  values  of  .45  and  .44.  Most  of  the 
practical  type  of  parts  will  buckle  vinder  longitudinal  compression  as 
shown. 

It  is  shown  that  angle  sections  are  more  difficult  to  twist  buckle  than 
to  sine  wave  buckle  whereas  the  reverse  is  true  for  hat  sections .  For  this 
reason,  angles  will  always  buckle  as  a  sine  wave,  hats  will  always  twist 
buckle,  and  channels  will  buckle  either  way. 

Shear  buckling  is  shown  to  be  much  more  difficult  than  the  other  buckl¬ 
ing  because  of  the  large  B  values,  particularly  for  short  parts  as  in 
joggling. 

Deep  drawing  and  spinning  are  shown  to  be  the  applicable  types  of 
circular  sheet  buckling.  Rubber  forming,  linear  stretch  forming,  roll 
fonning,  and  drop  hammer  forming  are  shown  to  be  applicable  to  buckling 
of  rectangular  sheets  under  longitudinal  compression. 
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BUCKLING  OF  THIN  SHEET 
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Shear  buckling  encompasses  both  types  of  rubber  press  flanging  and  Joggling. 
Twist  buckling  of  sections  occurs  in  linear  stretch  forming  and  roll  forming. 

The  table  also  shows  that  circular  and  rectangular  sheet  buckling  are 
very  important  in  predicting  formability  limits .  Twist  buckling  of  bat 
sections  and  shear  buckling  are  of  intermediate  importance  and  twist  buckl¬ 
ing  of  channels  and  angles  are  only  of  slight  Importance  as  will  be  brought 
out  in  the  next  section. 

The  three  general  plate  buckling  equations  shown  in  the  table  can  be 
analyzed  together  in  the  development  of  formability  graphs  because  of  their 
similarity  as  shown  below: 

(II-3;  S0jj  :  (ti/t)2  »  sine  wave  and  shear  buckling 

(II -6)  Sqp  s  B2  - -  ^  circular  sheet  buckling 

(Vt)2 

(II -7)  ScR  :  B:,  — ^  ,  twist  buckling 

^  (h/t)2 


The  shape  of  the  curves  illustrating  these  equations  can  be  better 
visualized  by  expanding  equation  (II -3)  by  taking  the  logarithm  of  both  sides 


(11-13) 


ScR  =  log  Bi  E  -  2  log  (h/t) 


This  is  an  hyperbola,  which  when  plotted  on  log-log  graph  paper,  will  give 
a  straight  line  with  a  slope  of  -2  and  an  intercept  on  the  Sqj^  axis  of 
Bq  E  when  h/t  r  1. 
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Sqp  is  the  critical  buckling  stress  in  all  types  of  forming;  however, 
it  occurs  as  elastic  buckling  from  residual  stresses  left  in  the  part  after 
the  formiiig  forces  are  removed  in  such  processes  as  rubber  stretch  flanges, 
linear  stretch  forming,  and  roll  forming.  is  the  applied  compressive 

stress  that  causes  buckling  during  forming  in  rubber  shrink  flanges  , 
joggling,  deep  drawing,  spinning,  and  Androf orming .  The  same  type  of 
equat  ion  and  graph  can  be  used  for  both  cases . 


In  order  to  relate  Sfjp  to  the  geometry  of  the  part,  it  should  be 
remembered  that  stress  and  strain  are  compatible  and  that  no  finite  jumps 
in  strain  will  occur.  In  this  way,  stress  can  be  related  as  a  definite 
function  of  strain  as  shown  by  the  following  equation; 


(II-IU) 


s  f(e)  -  f  (geometry) 


Then,  as  will  be  shown  in  the  following  analysis,  this  strain  function 
can  be  related  to  the  geometry  of  the  parts  considered . 
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BRAKE  FORMING 


An  analysis  for  brake  forroing  can  be  made  with  the  aid  of  the 
following  sketch; 


FIGURE  11-5  ELONGATION  FOR  PURE  BENDING 

It  can  be  seen  that  the  strain  equation  for  pure  bending  can  be  computed 
as  follows  for  small  angles: 

t/2  tan  o<  (for  small  angles) 

ji  z  (R  4-  t/2)  CK  (original  length,  assuming  the 

neutral  axis  remains  In  the 
geometric  center) 
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tan  oC 
(2  oC 


€-  ^  =  t/2  ^  cX  , 

(R  '  t/2) 


2  R/t  -I-  1  =  -i_  ^ 

€  ^ 


(11-15) 

R/t  1  -1  \ 

"  '  €  o<  ' 

As  shown  in  the  figure,  however,  the  difference  between  the  elongation 
A  and  t/2  tan  ^  increases  as  the  angle  oC  increases .  For  this 
reason,  it  is  necessary  to  compute  the  strain  relationships  for  large  bend 
angles  as  shown  below: 


(II-16) 


Jt  ^  (R  -e  t/2)  0^ 

(original  length) 

:  (R  t)o< 

(final  length) 

^  .  /f  -  /  .  Jr 

-1  =  (R  +  t)<X 

-1  .  R/t  4-1 

J  1 

(R+t/2)o< 

R/ 1  -V-g 

^  .  R/t  4*1  -  R/t  -  i 

-<(0J 

M 

j 

=  1 

R/t  +  i 

R/t  -1-  ^ 

2  R/t  4-  1 

2  R/t  4-1  =  — 

€ 

K/t  =  i  (-^  -1) 


This  equation  shows  that  the  maximum  R/t  defining  the  bending  limits  for 
a  given  material  is  an  inverse  function  of  some  form  of  elongation  for  the 
material.  This  means  that  this  equation  is  a  constant  for  a  given  material. 

In  order  to  draw  the  complete  curve  for  brake  forming  limits,  it 
Will  be  necessary  to  superimpose  equations  (ll-l^)  and  (ll-l6): 


ASD  TR  61-191(1) 


IT -17 


FIGURE  11-6  BRAKE  FORMING  LIMITS 


Equation  (II-I5)  represents  the  forming  limits  I'or  small  bend  angles  whereas 
equation  (II-I6)  represents  the  limits  for  iarKcr  angles.  In  order  to  effect 
the  initial  point  of  equation  (II-I5)  at  the  origin  as  shown,  the  arbitrary 
size  constant  "  ^  chosen  as  l.OC.  A  smooth  transition  curve  is 

drawn  between  the  two  in  order  to  form  a  continuous  function  as  shown  by  the 
crrr.pJeted  formahility  limit  granh  bo.^w: 


FIGURE  11-7  FORMABILITY  CURVE  FOR  BRAKE  FORMING 


iriD  T”  6i-i9lCT) 


Ihis  type  of  !?raph  illustrating  brake  forming  limits  indicates  increasing 


format: ! 1 ly  witn  decreasing  oend  angle  c?<  •  It  also  shows  a  bend  angle 

bf-yr-nd  wh:rh  fortiability  is  not  decreased  as  shown  by  the  horizontal  portion 
of  the  line.  Tnis  means  that  after  a  certain  angle  is  reached  in  bending, 
no  more  strain  can  oe  added  in  the  bend  to  result  in  fracture. 

Figure  II-7  gives  the  brake  forming  limits  for  a  single  material.  In 
order  to  illustrate  tr.e  limits  for  different  materials,  the  strain  "  ^  " 
in  equation  (ir-lbi  will  have  to  be  treated  as  a  variable  as  shown  by  the 
graph  below; 


FIGURE  11-8  RELATIVE  BRAKE  FORMABILITY 
FOR  DIFFERENT  MATERIALS 


This  graph  ii,dlcates  that  as  the  elongation  "  ^  "  of  materials  are  in¬ 
creased,  tne  R/t  necessary  to  crack  a  part  is  decreased.  The  curve  is 
shown  to  becotTie  a  straight  line  when  plotted  on  log-log  paper  for  the  less 
ductile  materials  with  elongations  less  than  about 
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It  should  be  remembered,  however,  that  this  curve  was  developed  for  the 
neutral  axis  remaining  congruent  with  the  geometric  center  during  benaing 
Although  this  shape  of  curve  will  be  used  for  correlating  materials  for 
brake  formability  in  subsequent  chapters,  it  will  be  shown  tfaa'.  more  pre¬ 
cise  positioning  will  be  required,  particularly  for  small  K/t,  oecause  of 
the  movement  of  the  neutral  axis  away  from  the  geometric  center. 

JOGGLING 


The  strain  equation  for  joggling  can  be  determined  with  the  aid  of 
the  following  sketch: 


L  :  original  length  of  fiber 
Lf  =  final  length  of  fiber  after  joggling 
D  =  depth  of  joggle 
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Lf  = 


D^-t-  l2 


6  =  ^  ^  -  1  =  ^  1^  -  1  =  elongation 

L  L  L 

€  =  ^  (d/D^^-i  -  1 

(€-*-1)^=  (D/L)2  +  1  ,  D/L  =  ^  (  6  +  1)^  -  1 

(11-17) 

This  equation  shows  that  the  maximum  strain  that  can  be  obtained  in  joggling 
is  a  constant  for  a  given  material  with  a  strain  of  €  .  By  combining 
equation  (IT-I7)  for  splitting  limits  with  equations  (II-3)  and  (II-14)  for 
shear  buckling,  the  formability  envelope  can  be  established  for  joggling: 


FIGURE  11-10  JCX3GLING  FORMABILITY  CURVE 
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The  complete  envelope  Is  seen  to  be  bounded  by  straight  lines  when  plotted 
on  log-log  graph  paper.  The  buckling  line  shown  with  the  slope  of  -2  is 
seen  to  change  to  a  slope  of  for  large  D/L  values  because  of  the  large 
increase  in  the  k  value  discussed  previously.  The  vertical  limit  line  is 
seen  to  indicate  that  formability  is  independent  of  D/L,  depending  only 
on  D/t . 


This  formability  graph  was  developed  based  on  a  material  with  given 
mechanical  properties.  In  considering  the  relative  formability  for  different 
materials,  the  material  properties  in  equations  (II-I7)  and  (II -3)  will  have 
to  be  considered.  Only  the  elongation  equation  will  be  shown  below  in 
graph  form  because  the  buckling  equation  will  be  positioned  subsequently 
using  formability  indices: 


FIGURE  11-11  RELATIVE  JOGGLING  FORMABILITY 
FOR  DIFFERENT  MATERIALS 


This  graph  indicates  that  greater  depths  can  be  joggled  for  materials  with 
higher  elongations,  C  ,  independent  of  the  gage  of  the  material.  This  type 
of  curve  will  be  used  for  correlating  splitting  limits  for  different 
materials  in  joggling. 


-22 
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DIMPLING 


The  strains  developed  during  the  dimpling  operation  can  be  detemnined 
from  the  following  sketch: 


FIGURE  11-12  CROSS  SECTION  OF  A  DIMPLE 


(11-18) 


Rj^  =  h  +  R  -  .  cos  cf\ 

io--  R  3  original  length  of  circumferential  edge  fiber 

^  =  2  TT  Rl  =  final  length  of  circumferential  edge  fiber 


€  =  ^  = 

£  h  +  R  -  h  cos  oC.  -  R 


^  -  - 

R 

h/R  = 

€ 

1  -  cos 

2'Tf  (h  4-R  -  n  cos  -  2  7f  R 

27r  R 


h/R  (1  -  cos  c<) 


This  equation  represents  the  h/R  ratio  to  which  a  given  material  can  be 
stretched  for  any  angle  by  dimpling  before  breaking  as  shown  by 
Figure  ll-lj.  It  can  readily  be  seen  that  only  small  bend  angles  can  be 
obtained  for  large  h/R  ratios  while  the  opposite  is  true  for  small  h/R 
ratios  . 
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h/R 

c< 

FIGURE  M-13  DIMPLING  FORMABILITY  CURVE 

The  above  formability  limit  graph  is  for  a  single  material .  In  order 
to  evaluate  the  material  as  a  variable,  equation  (II-I8)  will  have  to  be 
considered  with  the  strain  €  as  a  variable  for  a  given  constant  angle  cX  • 
By  plotting  the  two  major  variables  h/R  and  6  »  the  following  graph 
results : 


FIGURE  11-14  RELATIVE  DIMPLING  FORMABILITY 
FOR  DIFFERENT  MATERIALS 


TT  -?■! 
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This  graph  represents  the  Idealized  case  where  the  flange  remains  constant 
length  and  thickness;  however,  in  dimpling,  the  flange  will  thin  and 
extend  its  length  tending  to  lower  the  circvunferential  hoop  strains  pre¬ 
dicted  in  equation  (II-I8).  The  hole  will  often  remain  the  same  size 
during  dimpling  for  some  materials  and,  consequently,  the  dimple  will  not 
fail  in  a  radial  type  split.  Generally,  the  hole  will  enlarge  and  the 
flange  will  extend  during  dimpling.  This  will  affect  the  shape  of  the  graph 
in  Figure  II -l4. 


FIGURE  11-15  DIMPLE  SHOWING  FLANGE  LENGTHENING 

=  h  -  h  cos  c<  _  1  -  cos  cX 

h  cos  ck.  cos  cK 


(11-19) 


Superimposing  this  equation  on  the  graph  for  equation  (II-I8)  for  various 
angles  will  result  in  the  curve  in  Figure  II-I6.  The  intersection  of 
the  curves  for  equations  (II-I8)  and  (II-I9)  gives  a  formability  curve 
representing  radial  type  failures  for  dimpling.  From  the  above  analysis, 
it  is  seen  that  the  resulting  strain  is  a  compromise  between  that  resulting 
from  a  complete  circumferential  stretch  with  no  flange  lengthening  to  that 
resulting  from  no  circumferential  stretch  with  complete  flange  lengthening. 
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FIGURE  11-16  DIMPLING  FORMABILITY  FOR  DIFFERENT  MATERIALS 

This  formability  curve  will  be  used  to  predict  maximum  dimpling  that 
can  be  obtained  for  materials  with  certain  elongation  values. 


RUBBEP  FLANGING 


The  following  sketches  will  be  used  to  determine  the  strain  equations 
for  rubber  forming  stretch  and  shrink  flanges: 


B 


STRETCH  FLANGE 
FIGURE  11-17  STRETCH  AND  SHRINK  FLANGE  PARTS 


SEC.  B  -  B 
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Lq  =  R  0  =  original  length  of  fiber 

L  =  (R  +  h)  0  -  final  length  of  fiber  for  stretch  flange 
L  =  (R  -  h) 0  =  final  length  of  fiber  for  shrink  flange 


(11-20) 


(11-21) 


L  -  Lq  L  .  1  .  (R4-h)  a 

Lq  Io  ^0 


elongation  for  stretch  flange 


c  -  ^  ~  ^  ■  1 

Lo 


1  -  (R  -  h)0 

Re 


€  =  h/R 


compression  for  shrink  flange 


The  shrink  and  stretch  flanges  both  are  defined  for  percent  elongation 
€  by  h/R  where  the  contour  radius  is  to  the  free  edge  of  the  flange • 


This  strain  can  be  related  to  geometry  for  buckling  by  equations  (II-3) 
and  (II-14)  so  that  the  following  graphs  can  be  drawn  representing  the  form- 
ability  envelopes  for  mibber  press  flanging: 


FIGURE  11-18  RUBBER  PRESS  FORMABILITY 
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In  the  case  of  the  stretch  flanges,  formability  is  seen  to  be  dependent  on 
buckling  from  residual  stresses  in  the  part  for  large  h/t  values  and  on 
splitting  of  the  flange  for  large  h/K  values.  The  buckling  curve  is 
noted  to  change  from  a  -2  slope  to  a  slope  of  <=»o  for  large  h/R  values 
because  the  flange  is  approaching  a  shell  which  is  more  difficult  to  buckle 
than  a  flat  sheet . 

The  shrink  flange  curve  is  similar  to  the  stretch  curve  in  the  elastic 
buckling  region,  both  curves  following  a  slope  of  -2;  however,  when  the 
gage  gets  sufficiently  large,  the  shrink  flanges  become  strictly  dependent 
on  h/R  which  is  a  fxmction  of  the  plastic  buckling  properties  of  the 
materials.  It  is  seen  that  failure  in  the  plastic  buckling  region  is 
independent  of  the  h/t  ratio. 

Equation  (II -20)  can  also  be  used  to  predict  the  relative  formability 
for  all  materials  as  shown  in  the  gcanh  belcr^; 


FIGURE  11-19  RELATIVE  STRETCH  FLANGE  FORMABILITY 
FOR  DIFFERENT  MATERIALS 
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This  graph  shows  a  straight  line  relationship  between  the  available  elonga¬ 
tion  in  a  material  and  the  flange  height  to  radius  ratio  h/R.  Thus, 
materials  with  high  elongations  can  be  subjected  to  large  flanges  before 
splitting  is  encountered.  This  type  of  curve  will  be  used  for  splitting 
correlation  of  materials  for  stretch  flanges. 


LINEAR  STRETCH  AND  ROLL  FORMING 

This  type  of  part  can  be  defined  with  a  sketch  similar  to  rubber 
stretch  flanging  as  shown  below: 


FIGURE  11-20  LINEAR  STRETCH  FORMED  PART 


(II-2P) 


Lq  =  R  0  =  original  length  of  fiber  (assuming  neutral 
axis  on  the  concave  side  of  part) 

L  :  (R  +  h)  0  =  final  length  of  fiber 
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This  equation  gives  tne  elongation  that  will  occur  in  a  part  with  a  given 
h/R  assuming  the  contour  radius  is  defined  to  the  edge  of  the  free  flange 
and  the  neutral  axis  remains  along  this  free  edge. 

In  order  to  determine  the  forroability  graph  for  linear  stretch  forming, 
equation  (II-22)  will  be  combined  with  equations  (II-3),  (ll-ll),  and  {ll-l4) 
in  the  following  manner; 


FIGURE  11-21  LINEAR  STRETCH  FORMABILITY  CURVE 

It  can  be  seen  that  parts  with  large  h/t  values  will  fail  by  elastic 
buckling  from  residual  stresses  left  in  the  part.  The  theoretical  curve 
with  a  slope  of  -2  is  shown  to  change  to  a  slope  of  o®  for  large  h/R 
values  because  the  "k"  value  in  equation  (ll-h)  becomes  extremely  large 
for  parts  of  this  shape. 
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Equation  (ll-??)  shows  that  splitting  should  be  dependent  only  on  the 
elongation  of  the  material  so  that  the  splitting  line  on  the  graph  would 
be  horizontal;  however,  it  was  assumed  that  the  neutral  axis  was  main¬ 
tained  along  the  concave  side  of  the  part.  This  is  true  for  thin  gages; 
however,  thicker  gages  allow  the  neutral  axis  to  move  toward  the  convex 
side  cf  the  part  without  wrinkling  of  the  inner  edge,  thereby  increasing 
the  effective  h/R  to  which  the  part  can  be  formed  without  splitting. 

The  above  formability  limit  graph  was  developed  for  a  given  material 
with  specific  material  properties.  Equation  (II-22)  can  also  be  used  to 
detemine  relative  formability  for  splitting  for  materials  with  different 
C  l  or  vat  tens  as  shown  below: 


FIGURE  11-22  RELATIVE  LINEAR  STRETCH  FORMABILITY 
FOR  DIFFERENT  MATERIALS 

This  curve  shows  that  materials  with  large  elongation  values  can  be  formed 
to  large  h/R  values.  This  Is  the  type  of  curve  to  be  used  for  correlation 
of  splitting  limits  for  linear  stretch  forming. 
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Linear  roll  forming  will  have  the  same  type  of  Duckling  curve  as 
linear  stretch  but  roll  forming  will  not  exhibit  splitting  as  a  failure. 


SHL'FI’  STKl'I'CH 


In  order  to  study  the  strains  resulting  in  double  contour  sheet 
stretch  forming,  the  following  skc*cn  of  a  cross  section  of  n  snhcrical 
segment  will  be  used: 


FIGURE  II  23  CROSS  SECTION  OF  SPHERICAL  SHEET 


Lj-  I  F*  0  3  final  circumferential  length  of  fiber 

0 

L  ■  2  Rslnp  I  initial  c  ircumferenliai  length  of  fiber 


€  ■  ^  ^  ^  -1  . 
L  L 


R  6 
sin 


~S  fl  '  elongation 

alD  ” 


_r  aiD~‘  L/2R 
L/R 


(II -21)  2H/Lcbc‘^  (2  R/L)  ^  ^  I 
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This  is  the  equation  for  the  meridianal  strain  for  a  spherical  element. 
In  order  to  extend  this  to  a  double  contoured  skin  with  different 
radii  in  the  longitudinal  and  transverse  directions,  a  new  concept  of 
resultant  radius  will  have  t  be  developed  as  shown  below: 


RL  :  longitudinal  radius  of  curvature 
%  :  transverse  radius  of  curvature 
L  r  longitudinal  chord  length 
T  :  transverse  chord  length 

This  equation  will  clot  as  a  straight  line  with  a  slope  of  -1  on  log-log 
graph  paper  as  shown  below: 


FIGURE  11  24  SHEET  STRETCH  FORMABILITY  CURVE 


AfID  TP  6l-lQlfT) 


The  graph  shows  that  when  the  longltudloal  radius  chord  length  ratio 
Rl,  L  is  small,  the  transverse  radius  chord  ^ength  ratio  Rf/T  must  t>e 
large  to  rorm  a  given  material  aod  vice  versa. 

r.is  graph  gives  the  fonnabllity  limits  for  a  given  material  because 
the  strHin  £  was  considered  a  constant.  In  order  tc  determine  the 
relative  formabillty  lor  different  materia. s,  the  strain  €  in  equation 
must  oe  c  nsldered  a  variable  as  snown  below; 


€ 

FIGURE  11  25  RELATIVE  SHEET  STRETCH  FORMABILITY 
FOR  DIFFERENT  MATERIALS 

This  graph  shows  that  the  spherical  radius  to  chord  length  ratio  R/L  can 
be  decreased  toward  .5  as  the  elongation  C  of  a  material  is  increased. 
This  means  that  materials  with  good  elongations  can  be  formed  approaching 
a  half  sphere.  This  is  not  true  in  practice,  however,  because  of  die 
friction  and  resulting  non-uniform  strain  across  the  part.  The  shape  of 
the  above  curve  will  be  used  to  predict  sheet  stretch  formabllity . 
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ANDR0F0RM3NG 


The  strains  produced  In  Androforninj?  are  similar  to  those  produced 
in  Sheet  stretch  fcrmln^  as  given  by  equation  However,  very 

severe  bending  strains  are  superimposed  on  these  from  the  curved  forming 
e,ement  described  in  Chapter  I-  This  makes  a  complex  strain  situation 
that  nas  to  oe’  developed  empirically. 


In  the  sarw-  manner  that  sheet  stre"  f  Jiing  was  handled,  a  result¬ 
ant  radius  rf  curvature  will  have  to  be  defined  '»8 ; 


r  y  Rl  Rt 


resultant  radius  ol  curvature 


Rl  :  longitudinal  rsulius  of  curvature 
Hp  =  transverse  radius  of  curvature 


It  has  been  found  experimentally  that  the  smaller  the  contour  radii  and  the 
greater  the  gage  of  material,  the  greater  will  be  the  strain  developed  in 
the  part.  This  suggests  the  following  relationship: 


=  constant 


(11-26) 


for  a  given  material 


This  equation  is  seen  to  be  derived  by  first  squaring  equation  (II -25) 
and  then  dividing  both  sides  by  the  material  gage  "t"  . 
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This  equation  plots  as  a  straight  line  on  log -log  graph  paper  as 


shown  below: 


The  graph  indicates  that  large  longitudinal  radii  are  needed  to  produce 
parts  that  have  small  transverse  radii  for  a  given  material  with  a  given 
gage.  It  is  also  sLown  on  the  graph  that  large  gages  have  lower  formability 
limits . 


In  addition  to  splitting,  buckling  is  also  a  limitation  in  Andro- 
fomlng.  This  type  of  failure  becomes  noticeable  only  for  small  contour 
radii  and  gages.  It  has  been  found  experimentally  that  the  smaller  the 
contour  radii  and  the  smaller  the  gage,  the  greater  the  tendency  for  buckl 
ing.  This  suggests  the  following  relationship  with  equation  (11-25): 

2 

Rr  >  Rl  R«r 

2  ? 

i^R  t  “  (Rl  t)  (Rip  t) 

(II-27)  (Rl  t)  (Hp  t)  =  constant,  for  a  given  material 
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Plotting  this  on  log -log  graph  paper  will  give  a  straight  line  with  a 
slope  of  -1  as  shown  below; 


R^t 


FIGURE  11-27  ANOROFORMING  FORMABILITY  CURVE 


This  graph  indicates  that  large  longitudinal  radii  are  necessary  for 
small  transverse  radii  and  vice  versa  in  order  to  form  good  parts.  Heavy 
gages  also  Increase  formability. 

Format llity  in  Andro forming  can  thus  be  seen  to  be  a  compromise 
for  material  gage  considerations.  Thin  gages  will  buckle  more  easily 
while  heavy  gages  will  split  more  easily.  Intermediate  gages  will  form 
best  for  the  more  severely  contoured  parts. 
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DEEP  DRAWING  WITH  MECHANICAL 
DIES  AND  MANUAL  SPINNING 


The  simplest  type  of  deep  drawing  can  be  analyzed  best  for  cylindrical 
cupping  as  shown  below: 


FIGURE  11-28  CROSS  SECTION  OF  DEEP  RECESSED  PART 

:  radius  of  the  blank 
R^j  ■  radius  of  the  die 
h=Pjj-R^  «  overhang  flange  height 
H  =  cup  depth 

A  geometrical  relationship  exists  for  cupping  with  both  mechanical  dies 
and  manual  spinning  based  on  a  constant  volume  relationship  during  the 
drawing  operation. 
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It  has  been  found  experimentally  that  the  thickness  strain  for  both 
methods  of  deep  recessing  are  approximately  as  shown  below  for  most 
materials  currently  in  use: 


FIGURE  11-  29  THICKNESS  STRAINS  FOR  DEEP  RECESSING 

Mechanical  die  cupping  will  thin  the  cup  to  a  small  amount  near  the  bottom 
to  a  fairly  large  amount  of  thickening  near  the  cup  top  resulting  in  a  near 
zero  average  thickness  change.  Manual  spinning,  however,  will  thin  the  cup 
considerably  for  most  of  the  cup  depth  generally  increasing  to  a  slight 
thickening  near  the  top  of  the  cup  resulting  in  an  average  of  22^  thinning. 
Although  these  values  vary  slightly  with  material,  the  averages  are  close 
enough  for  the  following  derivations. 

The  cup  depth  (H)  will  be  considerably  greater  than  the  overhang  (h)  by 
the  constant  volume  relationship.  Consider  first  that  the  cup  bottom  and 
the  associated  volume  within  the  blank  bounded  by  unchanged  during 

fonning.  This  means  that  the  cylindrical  volume  of  metal  bounded  by  H 
will  equal  the  annul’os  volume  bounded  by  h  as  shown  by  the  cross  hatched 
areas  in  the  sketch  above . 
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Va  =  TT  (R^  -  t  =  volume  of  annulus  of  blank 

Va  =  TTt  (Rfe  -  Rd)  (Hb+V  h  (Rb+V 

Vq  =  2  TT  Rjj  H  t  r  voliime  of  cylinder  of  cup 

Va  «  Vq  »  77"  t  h  (Rb+'Rd^  =  2  TT  H  t  =  constant  volume 
H  ^b'^'^d 

iT  =  2  R^' 

for  mechanical  dies 

This  is  the  relationship  of  the  cup  depth  to  the  overhang  width  for  mechanical 
die  recessing  because  no  average  thickness  strain  will  occvtr  for  this  process . 


It  was  mentioned,  however,  that  an  average  of  22^  thinning  will  result 
in  spinning,  so  the  equation  will. change  as  follows; 

=  TT  t  h  (Rb**'%^  •  “echanical  dies 

Vc  ■  2  7r  H  (l  -  .22)t  ,  to  allow  for  22^  thinning 

Vc  =  1.56  TT  t 

Va  =  Vc  =  TTt  h  (Rb+V  =  TT  Rd  H  t 
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These  two  equations  for  mechanical  die  and  spinning  are  identical 
except  for  a  constant  and  consequently  can  be  plotted  on  the  same  graph 
as  shown  below: 


FIGURE  11-30  OVERHANG  FLANGE  TO  CUP  DEPTH  RATIO 


This  graph  shows  that,  for  a  given  material  with  a  given  blank  and  die. 


spinning  will  produce  somewhat  deeper  cups  because  of  the  greater  thinning. 
The  graph  also  shows  that  larger  ratios  of  H/h  can  be  obtained  for  larger 


ratios  for  both  processes. 


The  significance  of  this  is  that  greater 


depth  ratios  H/h  can  be  produced  for  the  smaller  dies. 


Because  deep  recessing  is  a  process  of  drawing  metal,  formability  is 
based  on  the  ability  of  the  metal  to  withstand  buckling  dttring  the  drawing 
action.  This  formability  does  not  depend  on  the  elongation  characteristics 
of  a  material  but  on  the  strength  in  the  cup  and  the  stability  of  the  flange 
against  buckling.  For  this  reason,  the  formability  graphs  will  be  obtained 
strictly  from  equations  (II-6)  and  (ll-l4)  . 
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The  overhang  flange  (h)  can  be  used  with  the  material  gage  to  deter¬ 
mine  the  buckling  ratio  h/t  instead  of  the  Ro/t  developed  in  equation 
(II-6)  as  shown  below: 


because  h  is  a  function  of  minus  a  constant.  Also,  the  stress  and 
strain  build-up  in  the  flange  during  drawing  as  shown  by  equation  (lI-lU) 
can  be  represented  by  h/Rb  as  shown  by  the  formability  graph  below; 


LOG 


h/t 

FIGURE  11-31  DEEP  RECESSING  FORMABILITY 

Elastic  buckling  occurs  for  large  h/t  values  as  predicted  by  the  equation 
however,  when  sufficiently  heavy  gages  are  formed,  considerable  plastic 
strain  occurs  in  the  flange  before  buckling  is  initiated  as  shown  by  the 
horizontal  limit  line.  After  this  occurs,  the  formability  becomes  inde¬ 
pendent  of  h/t. 
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RUBBER  PRESS  BEADING 


Beading  on  the  rubber  press  is  somewhat  different  than  on  the  drop 
hammer,  chiefly  due  to  the  limiting  pressure  of  the  former.  The  following 
sketch  illustrates  rubber  press  beading  and  the  accompanying  free  forming 
radius ; 


FIGURE  11-32  CROSS  SECTION  OF  RUBBER  FORMED  BEAD 


Rp  r  free  forming  radius 


This  equation  shows  that  for  a  given  material  with  a  given  rubber  pressure, 
a  free  forming  radius  Rp  will  result  and  the  resulting  stress  developed  will 
be  inversely  proportional  to  the  material  gage.  The  free  form  radius  is 
almost  entirely  independent  of  the  bead  radius  and  spacing,  R  and  L,  so 
that  the  following  formability  graph  results  for  rubber  beading: 
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FIGURE  n-33  RUBBER  PRESS  BEAD  FORMABILITY  LIMITS 

This  graph  shows  that  formability  is  very  dependent  on  the  material  gage 
for  small  R/L  values .  For  a  given  material  and  a  given  mibber  forming 
pressure,  there  exists  a  material  gage  below  which  parts  cannot  be  formed 
independent  of  these  small  R/L  values.  For  large  R/L  values,  the  splitting 
limits  are  seen  to  depend  only  on  R/L  almost  independent  of  the  gage . 

This  is  because  bending  is  superimposed  on  tension  for  the  heavy  gages . 


DROP  HAMMER  BEADING 

The  forming  of  beaded  panels  on  the  drop  hammer  can  be  analyzed  with 
the  aid  of  the  following  sketch: 


FIGURE  11-34  CROSS  SECTION  OF  DROP  HAMMER  FORMED  BEAD 
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L  =  original  length  before  foriring 

Lf  =  2R  H  L  -  2B  =  TT  R  L  -  2R 
2 

Lf  z  R  (TT-  2)  +  L  :  final  length  after  forming 


p  -  Lf  ■  L  _  Lf  .j  _  R  (TT  -  2)+L  ^^(77'.  2)4-1 

L  ■  L  ■  L 


(11-31) 


C  =  1.14  R/L 


average  strain  during  forming 


This  equation  shows  that  the  strain  developed  during  drop  hammer  forming 
is  a  function  of  the  bead  radius  to  spacing  ratio  R/L. 


The  development  of  the  above  equation  is  based  on  a  uniform  strain 
occurring  across  the  formed  Lf;  however,  the  strain  distribution  is  very 
unequal  because  of  drawing  and  friction  between  the  die  and  the  rubber 
used  in  drop  haran-er  forming.  The  amount  of  drawing  out  of  the  flat  area 
of  the  bead,  noted  in  the  sketch,  is  a  function  of  material  gage  as  shown 
below: 


Assume  one  sqiiare  inch  of  flat  area 


FLAT  AREA  OF  PART 
DIE 


FIGURE  11-35  CROSS  SECTION  OF  FLAT  AREA  IN  BEADING 


I 

1 

i 
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F  =  ^  N 


Corce  to  pull  material  out  ol  flat  area 


^  r  ct>e!Tlclent  of  friction,  N  r  normal  force  resulting 
Iron  rubber  pressure 


F 


(11-^2) 


S  •  t  •  1  z  ^  p 


•1-1 

-  stress  resulting  In  the  fiat 
area  of  the  bead 


The  stress  build-up  can  thus  be  seen  to  be  Inversely  proportional  to  the 
material  gage.  This  equation  will  plot  as  shown  below: 


FIGURE  11-36  STRESS  VERSUS  GAGE  FOR  DROP  HAMMER  BEADING 


For  a  given  pressure  and  coefficient  of  friction,  it  can  be  seen  that 
thin  gages  build  up  a  very  high  stress  in  the  part;  this  is  the  reason 
that  thin  gages  exhibit  poor  formability  in  this  type  of  drop  hammer 
forming . 
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Because  the  strain  equation  was  a  r'unrtion  of  h/ L  and  the  stress 
equation  v^as  a  tXinctlon  of  1/t,  the  foliating  be  arawn  for 
formability  of  beading  on  the  drop  hanner: 


R 

^  1 

LOG 

LOG — ►  R.-' 

'  t 

FIGURE  II  37  DROP  HAMMER  FORMABILITY  LIMITS 

This  graph  shows  that  the  R/L  drops  considerably  as  the  gage  is  de 
creased.  Also,  heavy  gages  exhibit  good  formability  with  a  high 
R/L. 


ASD  TR  61-191(1) 


IT -47 


CHAPTER  III 
FORMABILITY  INDICES 
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FORMABILITY  INDICES 


The  last  chapter  comprised  the  development  of  formabllity  limits  for 
splitting  and  buckling  based  on  the  geometry  of  the  parts .  This  chapter 
will  be  devoted  to  developing  the  effect  of  material  mechanical  properties 
on  these  same  limits.  In  a  majority  of  cases,  the  indices  that  are  developed 
are  obtained  from  the  equations  developed  in  the  previous  chapter;  in  a 
few  cases  however,  the  indices  will  be  developed  based  on  the  laws  of 
dimensional  analysis. 


By  taking  any  one  of  the  three  basic  buckling  equiitlons  developed  in 
the  last  chapter,  (II -6),  and  (ll-ll),  it  ca'u  be  shown  that  the 

material  variables  can  be  isolated  on  cne  side  of  the  equation  and  the 
geometrical  variables  on  the  other  as  shown  by  equation  (II-3)  below; 


(11-3) 


1  E 

^CR  =  ®1  ^  (h  '  t  ®CR 


(III-I) 


where 


S 


y 


This  equation  Isolates  the  material  buckling  variables  on  the  left  in 
dimensionless  form  to  give  the  position  of  the  curve  to  the  geometrical 
variables  on  the  right  in  dimensionless  form  to  give  the  shape  of  the 
cvirve . 


The  function  E/Sy  is  the  buckling  index  that  will  be  used  to  position 
all  curves  for  processes  exhibiting  buckling  as  a  failure.  It  means  that 
materials  with  a  high  modulus  and  low  yield  strength  have  good  buckling 
resistance  and,  consequently,  good  formability  in  this  regard. 
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The  strain  equations  developed  in  Chapter  II  will  be  used  to  position 
all  curves  for  processes  exhibiting  splitting  as  a  failure.  These  equations 
are:  (II-I6,  -17,  -I8,  -20,  -21,  -22,  -23,  and  -31)  which  indicate  the 
amount  of  strain  a  material  will  withstand  before  failure. 


Some  of  the  forming  processes  will  have  formability  graphs  positioned 


only  by  splitting  or  strain  indices  while  others  will  be  positioned  only 
by  buckling  indices.  A  third  group  will  be  positioned  by  both  as  shown 


schematically  below: 


Process 


Splitting 

Index 


1.  Brake  Forming 

2.  Dimpling 

3.  Drop  Hammer  Bead 

4 .  Rubber  Press  Beading 

5.  Sheet  Stretch 


6.  Androform 

7 .  Joggling 

8.  Linear  Stretch 
9*  Rubber  Stretch 


10.  Rubber  Shrink 

11.  Roll  Forming 

12.  Spinning 

13.  Deer  Drawir^ 


FIGURE  III-1  APPLICATION  OF  INDICES 


This  chart  shows  that  five  processes  are  defined  by  elongation  inuices  alone 
and  four  by  buckling  indices  alone  while  four  processes  are  defined  by  both. 
These  indices  are  developed  for  each  forming  process  in  the  succeeding 
pages . 
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BRAKE  FORMING 


The  brake  forming  limit  curve  for  a  given  material  was  developed  in 
the  preceding  chapter  and  was  shown  to  have  the  following  shape: 


FIGURE  III-2  BRAKE  FORMING  LIMIT  CURVES 


The  limit  curve  was  shown  to  reach  a  maximum  R/t  at  a  given  bend  angle 
(  )  for  a  given  material.  This  maximum  R/t  value  has  been  found  to 

correlate  best  with  the  corrected  value  of  the  .25  gage  length  strain  on 
a  simple  tension  test,  €  ,  This  strain  will  be  defined  in  Chapter  IV. 

The  correlation  is  in  conformance  with  the  strain  equation  (II-I6) 
developed  in  Chapter  II  for  this  process. 

The  significance  of  this  relationship  between  the  maximum  bending 
strain  in  the  outer  fiber  in  brake  forming  to  the  maximum  tension  strain 
in  a  .25  gage  length  tensile  test  is  that  bending  strains  can  be  correlated 
to  tensile  strains  for  different  materials. 
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DIMPLING 


The  dimpling  curve  developed  in  Chapter  II  was  shown  to  have  the 
following  shape: 


FIGURE  1II-3  DIMPLING  LIMIT  CURVES 

By  using  equation  (II-I8)  from  the  preceding  chapter  and  experimental  data, 
it  was  found  that  the  2.0  inch  gage  length  elongation,  €  ^  correlated 
best  to  the  standard  40**  dimple.  This  means  that  the  complete  dimpling 
curves  for  all  materials  can  be  positioned  by  relating  the  maximum  h/R 
to  €  Jo  for  the  standard  4o“  dimple. 

DROP  HAMMER  BEADING 

The  forraability  curve  for  this  process  was  developed  in  the  preceding 
chapter  and  is  shown  below: 

LOG 

e..o) 


LOG 

FIGURE  III-4  DROP  HAMMER  BEADING  CURVE 
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Equation  (II-3I)  showed  that  the  limits  of  this  process  were  defined  by 
R/L  being  a  function  of  some  strain.  This  strain  function  was  found 
empirically  to  be  the  corrected  strain  for  a  .50  inch  gage  length.  This 
strain  will  be  developed  In  the  next  chapter. 

Curves  for  different  materials  can  be  positioned  by  relating  this 
R/L  as  a  function  of  €  . ,  „  along  an  Index  line  with  a  slope  of  4-  l . 

RUBBER  PRESS  BEADING 

The  theoretical  curve  for  i*ubber  press  beading  was  developed  In 
Chapter  II  and  had  the  following  shape: 

LOG 

R/L 


FIGURE  III-5  RUBBER  PRESS  BEADING  CURVE 

The  splitting  limits  were  shown  to  be  limited  by  a  definite  gage  for  a 
given  material  and  forming  pressure  for  small  R/L  values  becaxise  of  the 
resulting  free  forming  radius .  The  formability  Index  for  this  process  Is 
not  a  simple  function  of  material  elongation  becavtse  of  this  free  forming 
radius.  The  larger  this  radius,  the  less  strain  the  material  Is  subjected 
to  resulting  In  an  index  that  Is  related  to  both  the  elongation  and  strength 
of  the  material. 
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This  index  was  found  to  be  the  2.0  inch  gage  length  elongation  times 

the  ultimate  strength  of  the  material,  C  Sn*  This  means  that 

2.0 

materials  with  large  elongations  and  high  strength  values  will  form  readily 
before  splitting  for  a  given  pressure.  The  resulting  free  forming  radius 
will,  of  course,  be  large  for  strong  materials. 

The  rubber  press  beading  curves  for  all  materials  can  thus  be 
positioned  with  ^  2  o  ^  plotted  along  the  index  line  with  a  slope  of 

+  1.5. 


SHEET  STRETCH 

Sheet  stretch  forming  was  shown  to  have  the  following  shape  from  the 
preceding  chapter; 

LCX3 

=  f  (€ 

.  0 

LCX5 

FIGURE  III-6  SHEET  STRETCH  FORMABILITY  CURVE 

Equation  (II-23),  developed  in  the  last  chapter,  showed  that  the  spherical 
radius  to  chord  length  ratio  would  be  a  function  of  elongation.  This 
elongation  value  has  been  found  to  be  the  2.0  inch  gage  length  elongation 
^  ^  i.o)  80  that  curves  for  all  materials  can  be  positioned  along  the 
spherical  radius  index  line  by  using  these  elongation  values. 


R,tT 


ASD  TR  61-191(1) 


III -6 


ANDROFORMING 


Androforming  was  found  in  the  last  chapter  to  have  a  formability  curve 
similar  in  shape  to  the  sheet  stretch  formability  curve  for  splitting  except 
that  different  parameters  were  plotted  on  the  graph  as  shown  below: 

LOG  LOG 

(.4.) 


FIGURE  III-7  ANDROFORMING  SPLITTING  AND  BUCKLING 

LIMIT  CURVES 


The  splitting  fornability  line  has  been  found  to  be  dependent  on  more 
than  just  the  elongation  of  a  material.  This  type  of  limit  was  found  to  be 


a  function  of  springback  ( 


)  so  that  the  ratio  of  longitudinal 


radii  to  the  material  gage  can  be  written  as  a  function  of  this  index: 

^  ^  (,Sty  €  z  0^  ■  means  that  the  lower  E/&ty  (greater  spring- 

back)  and  the  larger  €z.o  >  the  greater  the  formability  of  a  material. 


The  result  is  that  formability  increases  as  the  index 

S,pY 


decreases,  pointing  out  the  fact  that  the  Androforming  process  depends 
strongly  on  the  ability  of  a  material  to  springback  to  a  severe  curvature . 
It  is,  therefore,  for  all  practical  purposes,  mandatory  that  materials  be 
formed  in  the  heat  treated  condition.  Although  severe  curvatures  cannot 
be  formed  by  this  process  when  compared  with  sheet  stretch  forming,  it  can 
readily  be  recogfilzed  that  Androforming  has  definite  advantages  over  sheet 
stretch  forming. 
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The  buckling  limits  are  not  dependent  on  the  same  geometrical  para¬ 
meters  as  splitting,  so  another  formablllty  graph  is  needed  for  these 
limits  as  shown  above.  Again,  buckling  limits  are  seen  to  be  governed  by 
the  buckling  index,  >  so  that  formability  limit  lines  can  be  drawn 

for  all  materials  based  on  Rp  t  =  f  (E/S^y) . 


JOGGLING 

Joggling  is  the  second  process  where  formability  is  limited  by  both 
splitting  and  buckling  indices  as  shewn  by  the  limit  graph  developed  in 
Chapter  II  and  reproduced  below; 


FIGURE  m-8  JOGGLING  FORMABILITY  LIMITS 


The  splitting  limits  were  shown  to  be  dependent  on  some  form  of  elongation 

limits  of  a  material  by  eqiiation  (II-I7) .  This  parameter  has  been 

found  empirically  to  be  the  .02  gage  length  elongation  (  €  ^oz)f  so  that 

formability  curvee  for  all  materials  may  be  drawn  by  relating  the  D/L 

ratio  to  the  .02  elongation;  D/L  =  f  (  €  „  ) . 

•  0  2 
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Buckling  is  a  function  of  the  compressive  modulus  to  yield  strength 
index,  Ec/S(,y,  so  that  curves  for  all  materials  may  be  drawn  by  the 
following  relation:  D/t  =  f  (Eg/S^y)  . 

LINEAR  STRETCH 

The  formability  limits  were  seen  to  be  dependent  on  the  following 
curve  from  Chapter  II . 


FIGURE  m-9  LINEAR  STRETCH  FORMING  LIMITS 

Equation  (11-22)  predicted  the  splitting  limits  based  on  the  elongation 
of  a  material.  Splitting  formability  for  any  material  has  been  found 
empirically  to  be  a  function  of  the  2.0  inch  gage  length  elongation 

“/B  =  f  ( 

As  mentioned  at  the  beginning  of  this  cliapter,  buckling  is  depeiident 
on  the  index  E/Sty  so  that  linear  stretch  buckling  limits  for  any  material 
can  be  found  with  the  following  relation:  h/R  =  f  (Er/Sty)  • 
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RUBBER  PRESS  STRETCH  FLANGES 


These  types  of  stretch  flanges  are  represented  by  almost  an  Identical 
fonnability  curve  to  linear  stretch  forming  as  developed  in  Chapter  II 
and  shown  below: 


FIGURE  111-10  RUBBER  PRESS  STRETCH  FLANGE  LIMIT  GRAPH 

The  elongation  equation  developed  in  Chapter  II,  (lI-20) ,  was  shown  to 
depend  on  an  elongation  factor  of  material.  This  has  been  found  empirically 
to  be  the  2.0  inch  elongation,  €  2  j,,  so  that  all  materials  can  be  related 
by  the  following  function,  h/R  =  f  (  €2^^)’ 

The  buckling  limits  are  again  dependent  on  the  buckling  index  Eij/S^y 
so  that  all  materials  can  be  related  by  the  function:  h/R  =  f  (Eij/Sty)  . 

This  index  is  the  tensile  modulus  divided  by  the  tensile  yield  stress . 
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RUBBER  PRESS  SHRINK  FIANCES 


Because  shrink  flanges  are  formed  with  resulting  compressive  hoop 
stresses  in  the  flange,  splitting  failures  will  not  rec-Ult  in  this  type 
of  for  ing.  Looking  at  the  formability  limit  curve  developed  in  the  last 
chapter,  the  index  for  shrink  flanging  can  be  determined: 


FIGURE  Ill-n  RUBBER  PRESS  SHRINK  FLANGE  LIMIT  GRAPH 


Buckling  in  the  elastic  region  can  be  seen  to  be  defined  by  the  same 
buckling  index  as  for  most  of  the  previous  cases;  i.e.  h/R  r  f(Ec/Scy) , 
where  both  the  modulus  and  yield  cure  compressive  values .  The  plastic 
buckling  for  heavy  gages  Is  shown  to  depend  on  the  index  l/^cy 
so  that  h/R  ■  f  (l/S^y) .  This  indicates  that  the  heavy  gages  wrinkle 
independent  of  the  modulus  of  elasticity  of  a  material. 
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ROLL  FORMING 


Roll  forming  curves  <ieveloi)e<i  in  Chapter  II  indicated  fonnability 
limits  were  dependent  only  on  the  buckling  characteristics  of  a  material 
as  shown  below: 


LOG 


FOR  HEEL— OUT 


FOR  HEEL—IN 


FIGURE  111-12  ROLL  FORMING  LIMIT  GRAPH 


Because  buckling  instabilities  are  so  great  for  this  forming  process,  strains 
necessary  for  splitting  are  never  encountered.  Buckling  indices  for  this 
process  are  again  the  ratio  of  modulus  to  the  yield  strength;  however,  the 
compressive  ratio  defines  buckling  for  heel-out  sections  hnd  the  tensile 
ratio  for  heel-in  sections:  h/R  -  f  (Ec/S^jy) ,  for  heel-out,  h/R  =  f  (E«i>/S-ty) , 
for  heel-in.  These  two  indices  can  be  used  to  draw  the  limit  curves  for 
any  material  for  this  process . 
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MANUAL  SPINNING 


Spinning  is  another  process,  the  fonnability  of  which  is  independent 
of  the  elongation  limits  of  the  material  as  shown  by  the  gr«ph  developed 
in  Chapter  II  below: 


FIGURE  111-13  FORMABILITY  LIMIT  GRAPH  FOR  SPINNING 


The  elastic  portion  of  the  graph  can  be  seen  to  be  a  function  of  the 
compressive  ratio  of  modulus  to  yield  strength,  Eg/Sj.y,  while  the 
plastic  portion  of  the  curve  can  be  seen  to  be  a  function  of  the  ratio 
of  the  modulus  to  the  ultimate  strength  of  the  material,  E/Su. 
Forraability  graphs  can  be  drawn  for  all  materials  once  these  two 
material  indices  are  determined. 
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DEEP  DRAWING  WITH  MECHANICAL  DIES 


This  process  Is  the  fourth  one  to  have  formability  limits  independent 


of  the  elongation  properties  of  a  material  as  shown  by  the  graph  developed 


FIGURE  111-14  FORMABILITY  LIMITS  FOR  DEEP  DRAWING 


The  index  for  fonnability  in  this  process  was  fovmd  to  be  a  cosqilex 
function  of  the  normal  buckling  ratio  (Ec/^cyi  tines  s  tensile  yield  to 
compressive  yield  ratio  (S^y/S^y) .  In  this  way,  formability  for  different 
materials  for  both  elastic  and  plastic  buckling  limits  is  governed  by  the 

index  (Ec/Scy)  (  ^7  ). 

Scy 

The  reasoning  for  this  index  is  seen  to  be  quite  simple  by  first 
realizing  that  the  stability  of  the  flange  during  drawing  is  a  function  of 
Ec/Scy;  however,  the  tensile  strength  in  the  cylindrical  portion  of  the 
cup  determines  the  ability  of  the  flange  to  be  drawn  and  the  compressive 
flow  stress  in  the  flange  determines  the  relative  ease  for  the  flange  to 
be  drawn. 


The  result  is  that  the  higher  £c  and  S^^y  and  the  lower  Scy,  the  better 

the  formability.  This  means  that  the  higher  the  index,  ,  the 

°cy  ^cy 


greater  will  be  the  formability. 
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For  elastic  buckling,  h/R  ■  f 
h/t  .  f 
can  be  drawn. 


\^cy  ^cy  / 


,  and  for  plastic  buckling. 


Using  this  index,  fonriability  curves  for  any  material 


r.UMNARY 


Tn  summary  :  the  rormat. i  I  i  Ly  indices  to  be  used  for  predicting 
formabllity  for  any  m&'erial.  Uic  following  table  is  presented.  (Figure 
II I -1^;)  . 

It  can  be  seen  from  the  table  that  most  of  the  processes  depending  at 
least  partially  on  the  elongation  of  a  material  can  be  correlated  to  the 
standard  2.0  inch  gage  length  elongation,  €  •  Also,  most  of  the 

processes  depending  at  least  partially  on  the  buckling  characteristics 
of  a  msterial  cac  be  correlated  to  the  basic  index  E/Sy.  Some  of  the 
processes  use  bcth  of  these  indices  for  prediction  of  f ortnability ;  however, 
it  is  necessary  to  use  only  one  of  the  two  for  some  processes. 
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FORM  ING 


S  PLlTTiNG  INDICES 


BUCKLING  INDJCaS 
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STANDARD  TENSILE  SPECINEMS 

Standard  tensile  specimens  were  tested  to  obtain  the  modulus  of 
elasticity  (Et) ,  tensile  yield  strength  (Srpy) »  ultimate  tensile  strength 
(8y)  and  strain  distribution  for  the  materials  considered  in  this 
program.  The  specimens  were  tested  with  the  Model  FGT-SR4  T/M  Tensile 
Test  Machine  shown  in  Figure  IV -1. 


FIGURE  IV— 1  MODEL  FGT  —  SR4  T/M  BALDWIN  TENSILE 

TEST  MACHINE 
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The  tensile  specimens  were  fabricated  to  the  requirements  of  CVL 
specification  1922 -82A,  shown  in  Figure  IV -2,  from  the  same  sheet  material 
available  for  forming  experimental  parts  so  that  correlation  of  the  forming 
processes  to  the  tensile  specimens  would  be  valid. 


FIGURE  IV-2  CVL  1922  -  82A  (TENSILE  SPECIMEN) 


Two  types  of  load -strain  curves  were  obtained  for  each  material 
as  shown  in  Figure  IV-3.  The  curve  in  Figure  IV-3(a)  was  obtained 
with  an  SRE-1  extensometer  using  calibrated  SR-4  beams  to  give  high 
magnification  curves  for  the  modulus  of  elasticity  and  the  yield  strength. 
The  curve  in  Figure  IV-3(b)  was  obtained  with  the  TSMD  dual  range 
extensometer  shown  in  Figure  IV -4.  This  extensometer  does  not  have 
the  high  magnification  in  the  elastic  region  as  the  SRE-1  extensometer, 
but  it  records  the  entire  plastic  region  of  the  curve  showing  the  strain 


ASD  TR  61-191(1) 


IV-2 


hardening  and  necking  characteristics  of  a  given  material. 


The  SRE-1  extensometer  with  SR-4  beams  has  a  magnification  of  pOO 
to  1  until  the  beams  are  removed.  The  magnification  of  the  TS^O  extenso¬ 
meter  is  200  to  1  from  zero  to  0.01  in/in  strain  (4''  chart)  and  20  to  1 
from  0 .01  in/ in  strain  to  fracture . 

All  tensile  tests  were  controlled  at  a  strain  rate  of  O.OO;?  in/in/mJn 
in  the  elastic  region  and  0.05  in/in/min  in  the  plastic  region  with  an 
0 .3 .  Peters  Strain  Pacer . 


(a) 


(b) 


FIGURE  IV-3  TYPES  OF  TENSILE  LOAD  -  STRAIN  CURVES 


ASD  TR  61-191(1) 


IV-3 


FIGURE  IV-4 

TSMD  EXTENSOMETER 


Elevated  temperature  testing  was  accomplished  with  the  same  instru¬ 
mentation  as  the  room  temperature  testing  previously  discussed  except  for 
the  heating  system.  Arc  Weld  furnaces  were  first  used,  but  it  was  found 
that  radiant  heat  lamps  with  an  Ignitron  Control  System  provided  excellent 
control  of  \he  temperature  gradient  over  the  two  inch  gage  length  and 
provided  a  testing  time  of  approximately  1/2  the  time  due  to  decreased 
set-up  time.  Three  thermocouples  were  attached  to  the  heat  zone  of  the 
specimen  to  accurately  determine  the  temperature  conditions  and  the  specimen 
was  allowed  to  heat  soak  for  a  predetermined  period  of  time. 


The  factors  that  deteir-dne  the  amount  of  strain  that  a  sheet  metal 
part  can  take  oefore  fracture  during  forming  are  the  material,  the 
geometry  of  the  part  and  the  strain  gradient  across  the  part . 
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The  geometry  determines  the  stability  of  a  part  against  necking. 
Stresses  can  be  applied  in  only  two  directions  in  a  tensile  specimen 
which  is  classed  as  a  sixteenth-infinite  plate  illustrated  in  Figure 
IV This  type  of  part  is  very  vinstable  and  nearly  all  failures  are 
preceded  by  considerable  necking. 


FIGURE  IV-5  SIXTEENTH  INFINITE  PLATE 
(  TENSILE  SPECIMEN  ) 

The  thinner  a  part  and  the  nearer  plastic  flow  is  occurring  to  a 
free  edge,  the  higher  the  instability  and  the  more  of  a  tendency  toward 
necking.  The  tensile  specimen  is  the  most  unstable  part  since  it  has  two 
flat  svirfaces  very  close  together,  in  thin  gage  material,  and  two  edges 
that  are  close  together. 


The  reason  for  this  geometric  instability  is  illustrated  in 
Figure  IV -6.  Stability  against  necking  in  plastic  deformation  is  the 
compensation  of  the  increased  stress  due  to  reduction  of  area  by  the 
strain  hardening  in  the  necked  area .  V/hen  strain  hardening  increases 
as  fast  as  the  stress  increases  due  to  reduction  in  area,  stability  is 
reached  and  necking  does  not  occxir. 


ASD  TR  61-191(1) 


TV-5 


NECKING 


THICK  TENSILE  SPECIMEN  THIN  TENSILE  SPECIMEN 

FIGURE  IV-6  INSTABILITY  OF  TENSILE  SPECIMEN 

Strain  hardening  is  due  to  dislocation  pile-up  at  grain  boundries 
and  is  somewhat  greater  in  the  thick  specimen  than  in  the  thin  specimen. 
The  plastic  flow  surfaces  in  the  thick  specimen  strain  harden  faster  than 
the  stress  increases  due  to  reduction  in  cross  sectional  area  resulting 
in  a  more  stable  condition  than  in  the  thin  specimen. 

Strain  hardening  across  the  width  of  a  tensile  specimen  is  greater 
than  across  the  thickness,  thereby  making  the  widtn  more  stable  against 
necking  than  the  thickness .  Plastic  thinning  does  occur  across  the  width 
of  the  tensile  specimen  but  not  enough  to  result  in  instability  and 
failure . 

Two  types  of  shear  flow  occur  simultaneously  when  tensile  si>ecimens 
are  pulled  as  illustrated  in  Figure  IV -7  •  The  specimens  thin  in  both 
directions  during  the  initial  pulling,  the  width  thinning  according  to 
Figure  IV -7 (a)  and  the  thickness  thinning  according  to  Figure  IV-7(b) . 
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WIDE  SHEAR  FLOW 


THICKNESS  SHEAR  FLOW 


FIGURE  IV-7  SHEAR  FLOW  IN  TENSILE  SPECIMENS 


As  previously  stated,  thick  tensile  specimens  are  impeded  against 
necking  in  the  thickness  direction  and  will  reduce  in  width  enough  to 
insure  failure  across  this  reduced  width.  Then  the  shear  failure  will 
occur  approximately  50°  to  60°  across  the  thickness  as  illustrated  in 
Figure  IV -8. 


MAJOR  FLOW  LINES 
MINOR  FLOW  LINES 


FRACTURE  SURFACE 


FIGURE  IV-8  FAILURE  OF  THICK  TENSILE  SPECIMENS 
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The  thin  tensile  specimen  necks  readily  across  the  thickness  as 


illustrated  in  Figure  IV -9.  This  necking  occurs  at  approximately  50" 
to  60°  across  the  width  and  90°  across  the  thickness  because  this  is 
where  the  naximum  shear  stress  occurs . 


FIGURE  IV-9  FAILURE  OF  THIN  TENSILE  SPECIMENS 


Strain  gradients  occurring  across  plastically  deformed  tensile 
specimens  also  affect  stability.  Figure  IV -10  illustrates  the  strain 
gradients  in  the  three  principal  directions  which  are  longitudinal^C  ^ 
transverse  or  width/€w)and  thickness  (et)- 


From  the  laws  of  plasticity  for  constant  volume,  the  equation  for 
conventional  strain 

(IV  -  1  ) 

Where  the  equation  for  conventional  strain  is  defined  by: 


(€)ls: 

(  ^1.+  1  )  (  €w  +  1  )  (  (,  +  1  )  =  1 


(  IV  -  2  ) 
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FIGURE  IV-10  UNIFORM  STRAIN  DISTRIBUTION  FOR 
TENSILE  SPECIMENS 
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The  convent ionai  strain  equation  is  valid  as  long  as  the  elongations  are 
unit'orni  within  the  gage  length.  However,  when  instability  is  initiated 
by  necking,  the  equation  only  gives  an  average  strain  throughout  the  gage 
length.  In  order  to  ael'ine  absolute  strains  for  the  necked  region,  a 
logarithmic  strain(€)is  defined: 

(  IV  -  3  ) 

All  of  these  forms  of  the  natural  or  true  strain  describe  the  strain 
condition  within  the  necked  region  during  plastic  deformation. 

The  constant  volume  equation  for  natural  strain  is: 


Where  €i_  >€^and  are  the  principal  natural  strains. 

In  order  to  determine  the  three  principal  natural  strains  in  terms 
of  the  three  principal  stresses,  it  is  necessary  to  define  the  three  rules 
of  yielding.  These  rules  are  based  upon  isotropy  and  constant  volume: 

(a)  The  direction  of  principal  strains  coincide  with  those  of  the 
principal  stresses:  (isotropy). 

(b)  The  volume  remains  constant: 

(  Equation  IV -4  ) 

(c)  The  Mohr's  circles  for  stresses  and  strains  are  geometrically 
similar:  (isotropy)  . 

(  IV  -  5  ) 
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Combining  equation  (lV-4)  with  each  set  of  the  three  equations  in 
(lV-5)  gives : 


(  IV  -  6  ) 

= 

A[<r. 

-  1/2  (aw  + 

C  w  “ 

a[o‘w 

-  1/2  (a  L  + 

€»  = 

a[o“i 

-  1/2  (aw  + 

The  coeffiecient  "A”  in  each  case  is  a  constant  for  a  given  stress  level, 
but  it  varies  for  different  stress  levels.  Since  these  three  equations 
were  derived  on  the  basis  of  equation  (lV-4),  they  are  limited  to  small 
plastic  strains  up  to  the  onset  of  necking.  However,  these  equations  are 
valid  beyond  necking  provided  the  gage  lengths  are  small  enough  to  satisfy 
equation  (lV-4)  and  provided  the  directions  of  the  principal  stresses  and 
strains  are  identical  and  do  not  rotate  during  straining. 

One  of  the  most  prominent  criterion  developed  for  stressing  a  metal 
into  the  plastic  region  based  on  the  three  principal  stresses  is  the 
"effective"  stress  and  strain  theory; 


II 

( a  u-  aw  )^+  ( a  w  -  a,  )2+  (  a,  -  aL. ) " 

r  =  0: 

«  3 

((€  u-  €wf  +  (€  w-  €,)%(€,  -  €u)* 

These  are  the  resultant  of  the  diameters  of  the  Mohr's  circles  times  an 
arbitrary  constant.  The  arbitrary  constants  were  chosen  so  that  the 
following  results  are  obtained  for  simple  tension  (square  specimen) : 
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Equation  (lV-8),  representing  the  effective  strain,  can  be  expanded 
to  give  equation  (lV-9)  which  represents  the  amount  of  yielding  that  occurs 
for  various  conditions  of  plane  stress. 


C  IV  -  9  ) 


9/4  C  u  + 


6l  6  w 


€w  e,  -  C, 


The  equations  in  (IV -6)  reduce  to  the  equations  in  (lV-10)  for  the 

types  of  loading  that  occur  in  sheet  metal  forming  where  =Ofor  plane 

x* 

stress . 


r  "1 

€u  = 

A 

«•  L-  -  1/2  «■  wj 

€w  = 

A 

O' w-  1/2  O^i-] 

«,  - 

A 

—  1/2  (  0  l_  +  0  w  ^ 

Using  the  equations  in  (IV-IO),  equation  (IV-9)  can  be  plotted  in 


r/-]? 
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The  significant  aspects  of  this  ellipse  are  that  the  available  strains 
are  reduced  in  the  upper  right  and  lower  left  quadrants  for  balanced 
biaxial  tension  and  compression.  The  quadrants  in  the  lower  right  and 


upper  left  show  inci eased  strains  for  pure  shear  and  simple  tension 
(square  specimen)  where  the  sheet  is  reduced  in  width  with  longitudinal 


extension.  It  should  be  noted  that  the  l/2  inch  wide  tensile  specimen 
(CVL  1922 -82A)  will  have  values  of  |  and  will  have  varying  values 

of  for  different  materials .  Plane  strain  is  shown  to  resvilt  in 

^  w 

strains  13.^1(>  lower  than  that  for  simple  tension  (square  specimen) 


because  the  former  is  restricted  to  zero  reduction  in  width  by  a  lateral 


2  to  1  stress  acting  on  the  part . 


It  should  be  emphasized  again  that  the  strain  ellipse  is  limited 
to  small  strains  of  the  order  of  uniform  strain.  Forming  operations 
displaying  larger  strains  will  not  be  prodictcl  by  auch  c.n  <,111  j sc. 


€  6 1_ 

In  order  to  obtain  the  values  of  and  fcr  the  different 

€  w  €0 

materials,  tensile  specimens  were  photographically  gridded  using  a 


negative  with  0 .02  inch  grids  furnished  by  the  Bureau  of  Standards . 


The  specimens  were  tested  to  failiire  and  the  strained  grids  were 
measured  with  a  Stocker  and  Yale  Optical  Comparator  using  a  50  to  1 
magnification  factor.  An  optical  comparator  view  of  a  fractured  tensile 
specimen  is  shown  in  Figure  IV-12. 
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FIGURE  IV-12  TENSILE  SPECIMEN  FRACTURE  ON  THE  SCOPE 
OF  THE  OPTICAL  COMPARATOR 


Measxirements  of  the  longitudinal  strains  ^61. j across  fracture  and 
width  3 trains  ^€^Jperpendicular  to  the  longitudinal  strains  were  nade 
for  each  of  the  materials  to  obtain  the  values  for  correlation  of  tensile 
specimens  to  the  forming  processes. 

All  processes  using  splitting  indices  with  the  exceptions  of 
brake  forming,  drop  hammer  forming  and  joggling  correlated  to  the 

standard  2  inch  elongation^€  was  correlated  to  the 

0.02  inch  gage  length  elongation,  but  for  brake  forming  and  drop  hammer 
forming  it  was  necessary  to  use^C^^  ^^and^€^^  ,  respectively,  and  correct 
for  lateral  contraction. 
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The  correction  for  lateral  contraction  is  obtained  from  the  following 


analysis  illustrated  in  Figure  IV-I3. 


FIGURE  IV-13  CORRECTION  FOR  LATERAL  CONTRACTION 

The  equation  for  the  corrected  longitudinal  elongation  is  given  by: 

(  IV  -  1 1  ) 

The  0.25  inch  gage  length  was  corrected  for  lateral  contraction,  as 
illustrated  in  Figure  I-l4,  and  used  for  the  brake  forming  index  for  splitting. 
Since  the  gage  length  for  brake  forming  is  small,  the  corrected  elongations 
were  left  in  terms  of  natural  strain. 
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(€w).2.  =  ^  ;  (e).as=  ln[l  +  (€^).„] 

FIGURE  IV-14  CORRECTION  FOR  LATERAL  CONTRACTION 
(.25"  GAGE  LENGTH) 


The  corrected  value  for  the  longitudinal  strain?!,  zsteonn 
equation  (lV-12) . 


M 

(  IV  -  12  ) 

(  €  l.  )  .2S(CORR.)  =  (  Cl.).2S  - 

(  €  W  )  .25 
(  ^  1.  )  .25 

The  0.5  inch  gage  length  was  corrected  for  lateral  contraction^  as 
illustratjed  in  Figure  IV-15,  and  used  for  the  drop  hamaer  forming  index  for 
splitting.  Since  the  gage  length  for  drop  hmiwior  beeuilng  is  relatively 

large,  the  corrected  elongations  were  found  in  terms  of  conventional  strain. 


FIGURE  IV-15  CORRECTION  FOR  LATERAL  CONTRACTION 
(  .5"  GAGE  LENGTH  ) 
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The  corrected  value  for  the  longitudinal  strain  (  €  u  )  •  is  given  by 

.5  (CORR.) 

equation  (IV-I3)  . 

(  IV  -  13  ) 

STAMDARD  COMPRESSION  SPECIMENS 


Standard  compression  specimens  were  tested  to  obtain  the  modulus  of 
elasticity  (E^)  and  the  compressive  yield  strength  (S^y)  for  the  materials 
considered  in  this  program.  The  siiecimens  were  tested  with  the  Baldwin 
Tensile  and  Compression  Machine  shown  in  Figure  IV-I6. 


FIGURE  IV-16  BALDWIN  TENSILE  AND  COMPRESSION  MACHINE 
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con.p;  i  jciioD  specimens  were  fabricated  to  the  requirements  of  CVL 
•  pe 'i; :  .a:  K  a  from  the  same  sheet  material  available  for  forming 

t  xpv  '•i  :•  n'.al  pans  so  '.nac  indices  based  on  the  compressive  properties 
would  tc:  va’lj;. 


Load-s'^ rni n  curves,  as  illustrated  in  Figure  IV-I7,  were  obtained 
for  each  material  using  an  ex* ensometer  with  calibrated  SR -4  beams  and 
a  lateral  suppcTting  compression  Jig  with  0.062^j  inch  Kentanlum  balls. 

All  compression  tests  were  controlled  at  a  strain  rate  of  0.005 
in/in/min  in  the  elastic  region  and  O.jp  in/in/min  in  the  plastic  region 
with  an  0.3.  Peters  Strain  Facer. 


FIGURE  IV-17  COMPRESSIVE  LOAD  -  STRAIN  CURVE 

Elevated  temperature  testing  was  accomplished  with  the  same  instru¬ 
mentation  as  the  room  temperatvire  testing  except  for  the  heating  system. 
An  Arc  Weld  furnace  enclosing  the  lateral  support  Jig  was  used  with  a 
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tenperature  control  and  recording  system.  Thermocouples  were  attached  to 
the  heat  zone  of  the  specimen  to  acciu^tely  determine  the  teinperature 
conditions  emd  the  8i)eclmen  was  allowed  to  heat  soak  for  a  predetermined 
period  of  time. 


SPECIAL  TESTS 


All  of  the  experimental  parts  fall  Into  one  of  the  three  basic  types 
of  ccxBblned  loading  conditions:  (l)  uniaxial  stress,  (2)  plane  stress 
emd  (3)  plane  strain.  This  consideration  led  Into  special  types  of 
tensile  specimens  that  would  simulate  these  loading  conditions.  In  order  to 
simulate  the  plane  strain  condition  and,  to  a  lesser  extent,  the  plane 
stress  condition,  three  types  of  the  2  Inch  gage  length  by  12  Inch  wide 
tensile  specimens  were  devised  as  Illustrated  In  Figure  IV-I8.  Since 
a  ntmiber  of  different  materials  were  Involved,  three  types  of  this  specimen 
were  used  to  Insure  the  proper  type  of  failure  In  the  grldded  zone. 


TYPE  C 


FIGURE  IV-18  THREE  TYPES  OF  12  INCH  WIDE  TENSILE  SPECIMENS 
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The  wide  specimeas  could  not  be  evaluated  for  some  materials  because 
of  the  following  reasons; 

(l)  Diagonal  failure 


(2)  Failure  initiated  in  jaws  (notch  sensitive  material) 


(3)  Slippage  in  the  jaw 


(4)  The  type  of  failure  that  yield  good  results  is  illustrated  below 
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Since  it  was  difficult  to  pull  successful  12  inch  wide  tensile  speci¬ 
mens  and  impossible  for  some  materials,  this  type  of  testing  was  terminated. 
However,  correlations  for  brake  forming  and  drop  hammer  forming  were  made 
for  eleven  materials  yielding  fractures  that  could  be  evaluated .  In 
addition,  correlation  was  made  with  the  standard  tensile  specimen 
(1/2"  wide)  by  correcting  the  longitudinal  strain^C  lateral  con¬ 

traction 

A  special  eccentric  test,  as  illustrated  in  Figure  IV-19,  was 
developed  to  simulate  varying  strain  conditions  across  formed  experimental 
parts .  Considerable  transverse  flow  is  noted  in  the  sketch  illustrating 
the  similarity  to  uniaxial  stress  conditions.  This  type  of  testing  was 
terminated  because  satisfactory  results  were  not  being  obtained  and  corre¬ 
lation  with  the  standard  tensile  specimen  (l/2"  wide)  was  possible. 


FIGURE  IV-19  ECCENTRIC  TENSILE  TEST 
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GRIDDED  PARTS 


Part  blanks  were  gridded  and  formed  for  ten  processes  displaying 
splitting  as  a  major  failure  to  verify  the  mathematical  plasticity 
equations  and  the  "Effective  Strain"  theory  for  sheet  metal  forming. 


The  purpose  of  the  analysis  was  to  determine  the  maximum  princii)al 
strains , 6 ^and  for  use  in  the  plasticity  equations  (IV-IO)  which 
define  the  tynes  <:f  loadin-r  that  occur  in  sheet  metal  forming. 


€u  = 

A 

O-u  - 

1/2 

0“w 

€  w  = 

A 

ffw  — 

1/2 

A 

-  1/2 

(  »«- 

+  a 

w  ^ 

The  effective  strain  is  given  by  equation  (lV-9) • 


(  IV  -  9  ) 


The  following  sample  calculation  for  sheet  stretch  forming,  utilizing 
the  measured  values  for  €^^8md€^and  the  plasticity  equations,  is  typical 
of  the  analysis  used  for  each  process  having  splitting  as  a  major  failure . 


Sample  Calculation  (Sheet  Stretch  Forming) : 
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The  plasticity  equations  (IV-IO)  are  used  to  determine 
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_2  1 

€l.+  €w+'?f  —  - 


ij££ 


PLANE  STRAIN 


CHAPTER  V 

COMPOSITE  GRAPHS,  PREDICTABILITY 
EQUATIONS  AND  DESIGN  TABLES 


BRAKE  FORMING 


The  fundamental  shape  equations  for  brake  forming,  which  define 
the  shape  of  the  formability  limit  curve,  were  developed  in  Chapter  II. 
A  composite  graph  composed  of  the  empirically  determined  forming 
limit  curves  of  all  materials  was  developed  as  shown  in  Figure  V-1. 


BEND  ANGLE  (  G  ) 

FIGURE  V-1  COMPOSITE  GRAPH  FOR  BRAKE  FORMING 

The  minimum  R/t  ratio  for  any  material  is  a  function  of  the  bend 
angle  Q  up  to  a  certain  angle  0  =  <^>  •  From  the  angle  4>  to  l80®  the  R/t 
ratio  is  constant  and  at  its  maximum  value  (R/t) . 

The  natural  strain  in  the  outer  fiber  of  a  bend  specimen  is  cal¬ 
culated  as  follows: 
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fl,=  (R  +  t  )  4/ 
fi^=(RN)  ll/ 


FIGURE  V-2  STRAIN  IN  A  BEND  SPECIMEN 

From  Progress  Report  No.  1,  the  basic  equation  for  the  shift  in  neutral 
axis  is : 

(V-  1  ) 

The  natural  strain  from  Figure  V-2  is: 

(  V  -2  ) 

Solving  for  R/t: 

(  V  -  2a  ) 

Ilie  one -quarter  inch  (0.25")  gauge  length  natural  strain  from  the 
standard  tensile  specimen,  corrected  to  a  condition  of  plane  strain 
(See  Chapter  IV) ,  was  found  by  correlation  to  be  equal  to  the  natural 
bending  strain  at  (R/t)^.  Therefore: 
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(  V-3) 


/-B-\ 

1 

(  t  ) 

*  .zs)  corrected  ^  ^ 

From  equation  (V-3)  the  minimum  R/t  limit  for  bend  angles  from  <f>  lo  180 
for  any  material  can  be  predicted  if  ((  .zs)  corrected  is  determined.  The 
equation  is  for  the  section  of  the  curve  from  (b)  to  (c) .  (See  Figure 
V-1). 


For  bend  angles  less  than  <t>  ,  an  empirical  equation  vras  developed . 
The  section  of  the  curve  from  (a)  to  (b)  takes  the  form  of  a  sine  wave . 
The  basic  equation  to  be  developed  takes  the  following  form: 


(V-4) 


Figuie  V-3  illustrates  the  type  of  sine  curve  that  fits  the  com 
posite  graphs  very  well. 


FIGURE  V-3  SINE  WAVE  CURVE 


V-3 
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The  equation  for  the  general  curve  is: 


(  V  -  5  ) 

R  =  (^)(- 
t  '  2 

5-)'  [1  +  SIN  (6  -  90  ^ 

Expressing  0  in  terms  of  0  and  <t>  from  Figure  V-3: 

(V-6) 

180  °  0 
<t>  ~  a 

Solving  for  $  : 


(  V  -  6a  ) 


180O 

<1> 


<^>  is  a  function  of  (iVt;  and  Cf  •  It  was  empirically  determined  as 
follows : 


FIGURE  V-4  COMPOSITE  GRAPH  FOR  BRAKE  FORMING 
The  equation  of  the  line  in  f  igure  V  -•+  has  the  general  slope  and 
intercept  form: 
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(  V  -7  ) 


M  +  na 


Solving  for  M  and  n  from  Figure  V-4: 


(V-8) 


Ata=0: 


(  V  -  9  ) 


-f-  =  11.4  -  .0845a 


(t)  ^  11-4  -  0.08454) 


Solving  for  0 ; 


(  V  -  9a  ) 


0  =  "•‘I  - 

^  .0845 


Subttvltuting  equation  (V-9a)  into  equation  (V-6a): 

-(V-10)  - 180  q _ 15.21  g 

1 1  -  (  R  /  t )»  ”  11.4  -  (R/t)i 

_ .0845 _ _ j 

Substituting  equations  (V-IO)  and (V-3) into  (V-5)  gives: 


^  -  jlF 

t  ~  zif 


2(  €  CORRECTED  —  |  [ 


1  ’  1  +  SIN  r - ^ 

J  U  1 .4  -(02  f «  <= 


CORRECTED 


Equation  (V-ll)  is  therefore  the  predictability  equation  for  angles  less 
than  0  . 

DESIGN  TABLES 


Design  tables  can  be  developed  for  any  material  from  the  composite 


graph. 
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The  R  is  deterraine<^  from  Figure  V-5  for  each  angle  and  gauge  at  fl  =  60  ° 


Therefore ; 


Ri 

Rz 

R 

.016 

0.02 

0.187 
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JOGGLING 


The  fuodameQtal  shape  equations  for  Joggling,  which  define  the  shape 
of  the  formability  limit  curve,  were  developed  in  Chapter  II.  Two 
types  of  failure  occur  in  Joggling  -  splitting  and  buckling.  A  com¬ 
posite  graph  composed  of  the  empirically  determined  forming  limit 
curves  of  all  materials  was  developed  as  shown  in  Figure  V-7. 


FIGURE  V-7  COMF  DSITE  GRAPH  FOR  JOGGLING 


The  basic  geometric  parameters  are  defined  by  Figure  V-8. 
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FIGURE  V-8  JOGGLE  SECTION  PARAMETERS 


The  basic  equation  for  elastic  buckling  is: 


(  V  -  12  ) 
or  : 

(  V  -  13  ) 


Ec 

Where  js  the  buckling  index  developed  in  Chapter  III  which 
positions  the  cxu-ves  according  to  their  fonnability.  K  is  a  Tiling 
process  constant • 


The  buckling  fonnability  index  line  which  positions  materials 
according  to  their  mechanical  properties  is  at  D/t  =  2.25  as  shown  in 
Figure  V-9. 
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BUCKLING  FORMABILITY  INDEX  LINE 


□/L=  Ec/Scv  X  10' 


■“=  2.25 


EQUATION  (V-13) 


FIGURE  V-9  BUCKLING  FORMABILITY  INDEX  LINE 

At  the  intersection  of  D/t  =  2.2^  and  the  buckling  forinability 
curve  with  a  slope  of  -2: 

( V  -  14  )  5.  =  -is  X  10"^ 

L  Scy 

Solving  for  K: 


(  V  -  15  )  X  to  "  =  ^ 

Scv  Scy 


[  (  2.25  )  "] 


(2.25f  X  ir 


.0050625 


Eqviation  V-I3  now  becomes: 
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(  V  -  16  ) 


a 


Ec 


The  inflection  line  has  a  slope  of  +  l/2  and  intersects  the  D/L 
axis  at  0.43  when  D/t  =  1.0.  See  Figure  V-7.  The  eqxiation  for  the 
inflection  line  has  the  form: 

Solving  for  M  and  n  using  the  slope  and  intercept  in  Figure  V-7  gives: 

(  V  -  17a  ) 

Above  the  intersection  of  the  elastic  buckling  curves  and  the 
inflection  line,  the  buckling  limit  is  given  by  a  vertical  (constant  D/t) 
line  up  to  the  splitting  limit.  By  solving  eqxaation  (V-l6)  and 
(V-17a)  simultaneously  the  point  of  intersection,  and  therefore  the 
equation  for  the  vertical  line  is: 

(  V  -  18  ) 

The  splitting  limit  in  joggling  is  a  function  of  the  available  elonga¬ 
tion  in  the  material .  The  basic  equation  for  the  strain  in  Joggled 
specimens  as  developed  in  Chapter  II  is: 
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The  maximum  D/L  that  can  be  formed  without  splitting  is  therefore 
a  function  of  the  available  strain  in  the  material.  Since  the  part  is 
strained  over  a  very  short  gauge  length,  the  strain  on  a  tensile  speci¬ 
men  over  a  gauge  length  of  .02  in.  was  corre'^''  follows: 


FIGURE  V-10  SPLITTING  LIMIT  CORRELATION  CURVE 
FOR  JOGGLING 

The  equation  of  the  correlation  line  in  Figure  V-10  has  the 


form: 


(  V  -  20  ) 


Solving  for  and  using  the  slope  and  Intercept  in  Figxxre  V-10 


gives : 


(V  -  21  ) 


Solving  for  D/L; 
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DEGiGN  TABLES 


Design  tables  for  jogg.:.lng  Lir.lT-o  were  established  for  each 
material  by  using  the  composite  graph  and  an  overlay  graph  with 
constant  L/t  curves  plotted  on  it  as  shewn  in  Figure  V-1?.. 


For  any  particular  L  and  t  value  (L/t),  the  correspi.Qding  limiting 
value  of  D/t  can  be  read  directly  from  Figure  V-12  for  any  material. 

The  value  of  D  is  found  simply  by  multiplying  the  D/t  times  the 
material's  gage.  Tables  can  then  be  developed  for  each  material  as 
illustrated  in  Figure  V-I3. 
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FIGURE  V-13  DESIGN  TABLE  FORMAT  FOR  JOGGLING 
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i 


ASD  TR  61-191(1) 


V-15 


DIMPLING 


The  fundamental  shape  equation  for  dimpling,  which  defines  the 
shape  of  the  formability  limit  curve,  was  developed  in  Chapter  II. 

Two  types  of  failure  occur  in  dimpling- -radial  splitting  caused  by 
the  circumferential  hoop  stresses  in  the  outer  fibers  and  circumferential 
splitting  along  the  bend  of  the  dimple .  Circumferential  splitting  can 
be  eliminated  by  adjusting  the  dimple  pressure  and  increasing  the 
temperature;  therefore,  it  is  considered  secondary. 

A  composite  graph,  as  illustrated  in  Figure  V-l4,was  constructed 
from  the  empirically  determined  forming  limit  curves  of  all  materials . 

UINEAR 


FIGURE  V-14  COMPOSITE  GRAPH  FOR  DIMPLING 

A  successful  dimple  can  be  formed  if  its  geometric  variables  place  it 
at  a  point  below  the  dimpling  limit  cxurve .  Radial  failure  occurs  when 
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the  point  falls  above  the  curve. 


The  basic  equation  for  circumferential  hoop  strain  in  the  outer 
fiber  of  the  dimple  is : 


(  V  -  22  ) 


C  =  ^  (  1  -  cos  a  ) 


The  georn'ctric  parameters  are  defined  by  Figure  V-1^. 


FIGURE  V-15  GEOMETRIC  PARAMETERS  IN  DIMPLING 


The  equation  for  a  family  of  limiting  ctirves,  positioned  by 
some  function  of  the  available  elongation  in  the  material,  is  of  the 
form: 


(  V  -  23  ) 


f  ( c )  =  h  (  1  _  COS  a  ) 

R 


In  order  to  determine  the  actual  equation,  a  forraability  index  line 
was  established  at  Q  -  (See  Figure  V-l4) .  At  the  intersection 

of  the  index  line  and  :  h/R  ( 1-COS  a);  h/R  =  (h/R)'  .  Plotting 

(h/R)'  ^  2  0  various  materials  the  following  theoretical  curve 

was  developed: 
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Therefore,  setting  equation  (V-24a)  equal  to  (V-23a)  at  Cf  =  40 


(V  -  25) 


(  V  -  25a  ) 


Substituting  back  into  equation  (V-23): 


(  V  -  26  ) 


(  V  -  26a  ) 
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The  predictability  equation  for  dimpling  is  equation  (V-26a)  .  The 
h/R  limit  can  be  determined  for  any  angle  if  O  is  knovm. 


DESIGN  TABLES 

A  design  table  was  developed  for  dimpling  the  standard  dimple  only. 
The  formability  limits  for  non-standard  dimples  can  be  predicted  from 
the  preceding  equation;  however,  since  at  present  there  is  a  standard 
type  aircraft  dimple  with  a  constant  Q  of  40°  and  approximate  h/R  of 
1.2,  the  design  tables  were  developed  on  a  go,  no  -  go  basis,  as 
illustrated  in  Figure  V-l8. 


MATERIAL 

CONDITION 

ROOM  TEMP. 

R.T. 

EXPERIMENTAL  TESTS 

RECOMMENDED 

ELEVATED 

TEMPERATURE 

TEMP. 

RESULTS 

FIGURE  V-18  DESIGN  TABLE  FORMAT  FOR  DIMPLING 
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RUBBER  STRETCH  FLANGES 

The  fundamental  shape  equations  for  rubber  forming  stretch  flanges, 
which  define  the  shape  of  the  fonnability  limit  curve ,  were  developed 
in  Chapter  II  •  Splitting  and  buckliOfT.  failures  occur  in  stretch  flanges 
A  con5)Osite  graph  composed  of  the  empirically  determined  forming 
limit  curves  of  all  materials  was  developed  as  shown  in  Figure  V-19- 
LOG 


FIGURE  V-19  COMPOSITE  GRAPH  FOR  STRETCH  FLANGES 
The  basic  geometric  parameters  are  defined  by  Figure  V-l8. 

I 
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FIGURE  V-20  GEOMETRIC  PARAMETERS  FOR  STRETCH  FLANGES 


The  basic  equation  for  elastic  buckling  is: 


h/R  is  a  linear  function  of  stress  in  the  elastic  region,  therefore 


(  V  -  28  ) 


The  buckling  formability  index  line  which  positions  materials 
according  to  their  mechanical  properties  is  at  h/t  =  30  as  shown  in 
Figure  V-21. 
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BU■:KL-^^4G  FORMABit  1  lY 
index  I  -  I  N  E 


1L  =  X  1 0 

R  Sty 


EQUATION  (V  -  ^H) 


FIGURE  V-21  BUCKLING  FORMABILITY  INDEX  LINE  FOR  RUBBER 

STRETCH  FLANGES 


The  procedure  as  shown  under  joggling  was  used  and  the  following  equations 
were  developed; 

Elastic  Buckling  Limit: 

^  1^  ~  L(h/t  )^J 

Inflection  Line: 

(  V  -  30  )  —  =  0.0079  fh/ 1 

R 

Buckling  limit  from  inflection  line  to  splitting  limit: 

(v-31)  [TTriTTlIr^ 

T  L  Sty  J 
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The  splitting  iitnit  in  mbber  stretch  forming  is  a  function  of  the 
available  elongation  in  the  material.  The  basic  equation  for  strain  as 
developed  in  Chapter  II  is: 


(  V  -  32  ) 


Correlating  to  the  elongation  in  2  inches  from  the  standard  tensile 
specimen  would  give  an  equation  of  the  form: 


(  V  -  33  ) 


FIGURE  V-22  SPLITTING  LIMITS  IN  RUBBER  STRETCH  FLANGES 
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(  V  -  35  ) 


Cz.o  =  [.074]  [2]  « 


Solving  for  h/R  to  give  the  predictability  equation  for  splitting: 


(  V  -  35^  ) 


A  =  0.421  In  (  13.5  €2.0  ) 

R 


in  addition  to  splitting  and  buckling,  there  is  a  minimuin  flange 
height  limit  below  which  the  flange  will  not  form  down  to  the  die. 
This  limit  is  based  upon  a  machine  pressure  limit  of  1925  psi .  The 
following  type  composite  graph  \.as  developed  from  the  experimentally 
established  minimum  flange  limits  for  all  materials . 


t 


FIGURE  V-24  COMPOSITE  OF  MINIMUM  FLANGE  LIMITS  IN 

RUBBER  STRETCH  FORMING 


a:,  1  TP  ■' 1-391^1) 


Any  part  whose  geometric  variables  placed  it  to  the  left  of  the 
limiting  curve  had  flanges  that  did  not  form  to  the  die . 

The  formability  index  for  minimum  flange  limits  is  .  An  index 
line  was  established  by  correlation,  as  shown  in  Figure  V-25. 
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FIGURE  V-25  FORMABILITY  INDEX  LINE  FOR  RUBBER  STRETCH  FLANGES 


The  equation  for  the  index  line,  as  determined  from  ligure  V-2^, 


is : 


(  V  -  36  ) 


The  equation  for  the  limiting  curve  is: 
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At  the  ^Intersection  of  eauation  (V-36)  and  (V-37): 


(  V  -  38  ) 


X  10^ 


Solving  equations  (V-36) ,  (V-37),  and  (V-38)  simultaneously  to  find 
B  and  substituting  the  value  of  B  back  into  equation  (V-37)  gives; 


(  V  -  39  ) 


Equation  (V -39)  is  the  equation  for  the  uiniraum  flange  height  curve 
below  the  inflection  line. 


h 

6.99 

X  10®  r 

hjl7.0 

R 

(  Sty 

)4.9  [ 

•J 

0.1 13 - 


EQUATION  (V-41) 


EQUATION  (V-40) 


equation 


FIGURE  V-26  MINIMUM  FLANGE  LIMIT  CURVES  FOR  RUBBER 

STRETCH  FLANGES 
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The  equation  fc>'  th;:  ■•■cti  line  as  established  from  Figure  V-26  is: 


The  equation  for  the  i '.it. abij-iny  i.-urv'e  ao^^vo  Lue  inl'lecsiou 

line  has  the  form: 


Solving  equations  (V-j9),  (V-4-O')  and  (V-al)  simultaneously  no  fir/;  C 
and  substituting:  the  value  of  c  bark  int')  (V-i-l) 


Equation  (V-42)  is  the  equation  for  the  minimum  flange  limits  above 
the  inflection  line . 

A  summary  of  all  equations  is  shown  in  Figure  V -27 • 


T 

FIGURE  V-27  PREDICTABILITY  EQUATIONS  FOR  RUBBER  STRETCH 

FLANGES 

/l-]9i(l)  V-'ji 
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DESIGN  TABLES 


Design  tables  for  loibber  formed  stretch  flanges  were  established 
for  each  material  by  using  the  composite  graph  and  an  overlay  graph  with 
constant  R^/t  curves  plotted  on  it,  as  shown  in  Figvire  V-28. 
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FIGURE  V-28  COMPOSITE  GRAPH  AND  CONSTANT  OVERLAY 
GRAPHS  FOR  RUBBER  STRETCH  FLANGES 

For  any  particular  and  t  value  (Rjj/t)  the  corresponding 
minimum  and  maximum  value  of  h/t  can  be  read  directly  from  the  graph 
in  Figure  V-28  for  any  material.  The  values  of  h  maximum  and  h  mini¬ 
mum  are  found  by  multiplying  the  h/ 1  values  by  the  selected  t . 

Tables  can  then  be  developed  for  each  material  as  illustrated  in 
Figure  V-29. 
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FIGURE  V-29  DESIGN  TABLE  FORMAT  FOR  RUBBER 

STRETCH  FLANGES 


RUBBER  FORMED  SHRINK  FLANGES 


The  fundamental  shape  equations  for  rubber  forming  shrink  flanges, 
which  define  the  shape  of  the  formability  limit  curve,  were  developed 
in  Chapter  II.  Two  types  of  buckling  occur— elastic  and  plastic.  A 
composite  graph  composed  of  the  empirically  determined  forming  limit 
curves  of  all  materials  was  developed  as  illustrated  in  Figure  V-30. 

El-AS  iC  BUCK  ING  FORMAB  i  I  r 
/  tNDEX  LINE 

LOG  pi_^ASric  / 

B  UL  Ki  1  NG  pr 

/ 

p  ELASTIC  BUCKLING 

y  equation  (  V-43  ) 


FIGURE  V-30  COMPOSITE  GRAPH  FOR  RUBBER  SHRINK 

FLANGE  LIMITS 


The  general  elastic  buckling  equation  is: 


h  _  Ec  B 

'hi 

-2 

R  ScY 

t 
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DESIGN  TABIilS 


Design  tables  for  rubber  formed  shrink  flanges  were  established 
for  each  material  by  using  the  composite  graph  and  an  overlay  graph 
with  constant  Ro/t  curves  plotted  on  it  as  shown  in  Figure  V-32. 


LOG 


FIGURE  V-32  COMPOSITE  GRAPH  AND  CONSTANT  Rc/t  OVERLAY  GRAPHS 

FOR  RUBBER  SHRINK  FLANGES 


For  any  particular  Rjj  and  t  value  (Rp/t)  the  corresponding  minimum 
and  maximum  value  of  h/t  can  be  read  directly  from  the  graph  in 
Figure  V-32  for  any  material.  The  values  of  h  (maximum)  and  h  (minimum) 
are  found  by  multiplying  the  h/t  values  by  the  selected  t . 

Tables  can  then  be  developed  for  each  material  as  illustrated  in 
Figure  V-33. 
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FIGURE  V-33  DESIGN  TABLE  FORMAT  FOR  RUBBER 

SHRINK  FLANGES 
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LINEAh  STRETCH  FORMING 


The  fundamental  shape  equations  for  linear  stretch  fonning  various 
cross -sections ,  which  define  the  shape  of  formability  limit  curve,  were 
developed  in  Chapter  II.  Five  geometric  cross-sections,  as  shown  in 
Figure  V-34,  were  investigated.  These  five  cross-sections  were  further 
divided  into  three  types  . 


HEEU-OUT  ANGLES 
ANO  CHANNELS 


_ _ IN  ANGLES  HEEL-IN  HAT  SECTION 

AND  CHANNELS 


FIGURE  V-34  LINEAR  TT RETCH  FORMING  GEOMETRIC  SHAPES 


The  development  of  the  equations  for  the  three  types  of  cross- 
sections  were  very  similar;  therefore,  heel-out  angles  and  channels 
will  be  completely  de /eloped  and  the  final  results  of  the  other  two  given. 

Two  types  of  failure  occur  when  linear  stretch  forming  (heel-out 
angles  and  channels)  --elastic  buckj.ing  and  splitting.  A  composite 
graph  composed  of  the  empirically  determined  forming  limit  curves 
of  all  materials  was  developed  as  illustrated  in  Figure  V-35. 
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SPLITTING  LIMIT 


ELASTIC  BUCKLING 
FORMABILITY  INDEX 
LINE 


h/  • 


\  ■  \ 


k  \ 


ELASTIC  BUCKLING 


FIGURE  V  35  COMPOSITE  GRAPH  FOR  LINEAR  STRETCH  FORMING 


The  elastic  buckling  limit  equations  were  developed  in  the  same  manlier 
as  is  presented  in  the  Joggling  section.  The  following  equations  were  devel- 
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Elastic -Buckling  Limit  for  Heel -Out  Angles  and  Lbannels  oeiow  the  inflection 
line : 


Elastic  Buckling  Heei-fXit  Angi.es  sod  Channels  stove  the 

Inflection  line: 

(  V  48 

The  splitting  .limit  In  linear  stretch  fi^rmlng  Is  a  function  >f  the 
available  elongation  in  the  material  ■  The  basic  equation  for  strain 
as  developed  in  Chapter  II  is: 

Correlating  to  the  elongation  in  a  two  inch  gauge  length  from 
the  standard  tenstle  sne''1r«e''  w' tUd  .rive  an  equation  of  the  form: 

(  V  50 

The  splittin  :  .ti»  -uo  .-.o  .  .o  -  -  .  sa  shewn 

in  Figure  V  - -6 . 
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The  equation  for  the  curve  in  Figure  V-j7  ty  using  the  slope  and  inter- 


i'i  ’ling  iht  urves  in  Figure  V-<6  on  semi-log  ^aph  paper  gives 
l:.  •  as  sn^  vr.  in  Figure  V  -  ^6 . 


FIGURE  V-38  COMPOSITE  OF  SPLITTING  LIMITS  FOR  LINEAR  STRETCH 
FORMING  ON  SEMI-LOG  GRAPH  PAPER 


The  equation  for  the  curves  in  Figure  V-38  has  the  form: 


ASD  TR  61-191(1) 


V-lil 


(  V  -  52  ) 


.'.i  .pt,  ,  nowever ,  varies  with  the  (n/R)'",  wr.lch  is  a  function  of 
if  'inei  uy  enuarion  (V-',ia).  Changiay  equ3i.i.:n  (V--j2)  fo  log 


r.n : 


V  -  52.V 


B  Ls  c  nsiari-  an<i  f  jua^  -o  :ur  a^i  curves  since  tney  ai. 
.ncersect  chc  h.  ?  a.\is  ac  tU-j. 

'.’iic  si  pe  -f  the  curve  is  m  log  d  which  varies  with  (h/H)'*'. 


^  V  53 


(in  log  d  )  (1?)’  =  CONSTANT 
R 


Thr-r*.'  : 


(  V  -  53v 


The  expression  iu  log  d  can  be  detenr.incu  .  r  i:,  b  i.parc  (V-yo)  ■ 


(  V  -  54  ) 


where  A  .  •  actual  measured  length  of  a  cy  le  from 

•V 

/r 

0  to  1  on  the  linear  scale 

A  -  actual  measured  length  of  a  cycle  on  log  log  scale 

*Vt 

from  1.0  to  10.0 
K  :  actual  measured  slope 
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The  constant  in  equation  (V-53<i)  was  found  to  be  equal  to  -1.99* 


Substituting  values  back  to  equation  (V-52)  gives: 
(  V  -  55  ) 

Substituting  ov^uaoiun  (V-^jla)  into  gives: 

(  V  -  56  ) 


Solving  for  h/R: 
(  V  -  57  ) 


h  =  -  |o.836  ^2.0  +  .O45J  j^lOg  .0025  y 


Equation  (V-57)  is  the  splitting  limit  predictability  equation  for  Heel- 
Out  Angle  and  Channel  sections  in  linear  stretch  forming. 


A  summary  of  all  equations  is  shown  in  Figures  V-39  through  V-41. 
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FIGURE  V-39  EQUATIONS  FOR  LINEAR  STRETCH  FORMED  HEEL-OUT 

ANGLES  AND  CHANNELS 


V-U3 
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FIGURE  V-40  EQUATIONS  FOR  LINEAR  STRETCH  FORMED  HEEL-IN 

ANGLES  AND  CHANNELS 


LOG 


h 

t 


FIGURE  V-41  EQUATIONS  FOR  LINEAR  STRETCH  FORMED  HEEL-IN 

HAT  SECTIONS 
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DESIGN  TABLES 


Design  tables  for  the  three  types  of  cross-sections  in  linear  stretch 
forming  were  established  for  each  material  by  using  the  composite  graphs 
and  an  overlay  graph  with  constant  R^/ t  curves  plotted  on  it .  This 
was  accomplished  in  the  same  manner  as  was  shown  in  the  previous  sections 
of  this  chapter.  The  overlay  graphs  are  constructed  graphically  with 
constant  Rjj/t  curves  and  vary  for  each  type  of  cross-section  as  shown 
in  Figure  V-U2. 
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CONSTANT 


LINEAR  STRETCH  FORMED  PARTS 
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LINEAR  ROLL  FORMING 


Two  geometric  shapes  were  investigated --Heel -In  and  Heel-Out  Channels 
as  shown  in  Figvire  V-4L. 

|— h— j 


R 


HEEl.  IN  channel.  heel.  OUT  CHANNEL 

FIGURE  V-44  GEOMETRIC  PARAMETERS  FOR  ROLL  FORMING 

Elastic  buckling  is  the  only  formability  limit  involved  in  linear 
roll  forming.  The  graphs  for  Heel -In  and  Heel-Out  Channels  were 
developed  from  the  empirically  determined  forming  limit  cuirves  of 
all  materials  as  jllustrated  in  Figures  V-45  and  V-46. 
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FIGURE  V-45  COMPOSITE  FOR  ROLL  FORMED  HEEL-IN  CHANNELS 

V-47 
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FIGURE  V-46  COMPOSITE  FOR  ROLL  FORMED  HEEL-OUT  CHANNELS 


The  same  type  development  as  was  used  in  joggling  was  used  to 
develop  the  following  equations  for  linear  roll  forming. 

Heel-In  Channels  (helow  the  inflection  line); 

(  V  -  58  ) 


h 

R 


Et 

Sty 


.025 


(h/ty 


Heel-In  Channels  (above  the  inflection  line) : 
(  V  -  59  ) 


Heel -Out  Chacoels  (below  the  inflection  line) 
(  V  -  60  ) 
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Heel-CAJt  Channels  (above  the  inflection  line): 


(  V  -  61  ) 


1.01 

ScY 
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The  machine  limits  are  constant  and  defined  by  a  vertical  line 
at  h/t  ;  4 .8  up  to  h/R  =  .060.  that  point  it  slopes  to  the  right  with 
a  (+l)  slope  until  it  intersects  the  buckling  curve. 


DESIGN  TABLES 


Design  tables  for  Heel -In  and  Heel -Out  Channels  in  roll  forming 
were  established  for  each  material  by  using  the  composite  graph  and 
an  overlay  graph  with  constant  f*jj/t  curves  plotted  on  it.  This  was 
accomplished  in  the  same  manner  ts  was  shown  previously  in  this  chapter. 
The  overlay  graphs  are  illustrated  in  Figure  V-kj. 
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LINEAR  ROLL  FORMING 

V-49 
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SHEET  STRETCH  FORMING 


The  fundamental  shape  equations  for  sheet  stretch  forming  which 
define  the  shape  of  the  formability  limit  cujrve  were  developed  in 
Chapter  II.  Failure  occurs  by  splitting.  A  composite  graph  composed 
of  the  empirically  determined  forming  limit  curves  of  all  materials 
was  developed  as  shown  in  Figure  V-49. 


LCX3 


FIGURE  V-49  COMPOSITE  GRAPH  FOR  SHEET  STRETCH  FORMING 


The  geometric  parameters  are  defined  by  Figure  V-50. 
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U  t  1  x>‘. 


The  index  has  the  equation: 

(  V  -  62  ) 

The  splitting  limit  in  sheet  stretch  is  a  function  of  the  available 
elongation  in  the  material.  The  basic  equation  for  strain  as  developed 
in  Chapter  II  is: 

(  V  -  63  ) 

Plotting  (  vs.  (Ht/L)^  givco  1  he  following  type  curve: 

2«0 
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FIGURE  V  51  CORRELATION  CURVE  FOR  SHEET  STRETCH  FORMING 


Plotting  actual  values  of  (  vs.  (R, /L)^  liir.ito  for  various 
materials  gives  the  following  curvp: 


I  N  F  A  R 


FIGURE  V-52  CORRELATION  CURVE  FOR  SHEET  STRETCH  FORMING 
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The  equatioo  for  the  curve  in  Figure  V-52  was  found  to  be; 


(  V  -  64  ) 


Solving  equation  V-64  for  (R|/L)-^  gives  a  very  complex  series  function. 


The  limiting  curve  in  Figure  V-49  can  be  constructed  very  simply 
by  finding  (  ^  and  using  Figure  V-52  to  find  (Rj^/L)^.  (R^^/L)^  can 

then  be  plotted  on  Figure  V-49  up  to  the  index  line  and  then  a  limiting 
curve  with  a  slope  of  (-1)  can  be  constructed. 


DESIca)  TAB1£S 


Design  tables  for  sheet  stretch  forming  were  established  for  each 
material  directly  from  the  composite  graph  as  illustrated  in  the 
Figure  V-53. 
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FIGURE  V— 53  FORMING  LIMIT  CURVE  AND  METHOD  TO  DETERMINE 
THE  FORMING  LIMITS  FOR  SHEET  STRETCH  FORMING 
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There  are  four  variables  involved- -three  known  parameters  Rp,  T, 

RL  and  the  unknown  parameter  L;  i  .e . ,  the  forming  limit.  Values  of 
Rp,  T,  and  Rl  were  selected  and  the  L  value  calculated  directly  from  the 
composite.  R^  should  always  be  considered  the  smallest  radius  since  it  is 
the  general  procedure  to  pull  the  sheet  across  the  smallest  radius .  The 
forming  limit  cvirve  can  be  expressed  in  tabular  form  as  shown  in 
Figure  V-5^. 


FIGURE  V  -54  DESIGN  TABLE  FORMAT  FOR  SHEET  STRETCH  FORMING 


The  forming  limit  (L)  can  be  determined  from  the  table  in  Figure  V-54 
by  selecting  the  values  of  R,j,,  R^  and  T,  and  following  the  arrows  as  shown 
in  Figiire  V-54.  Rm  should  always  be  selected  less  than  R,  • 
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AUDROFORMING 


The  fundamental  shape  equations  for  Androformin<5,  which  define  the 
shape  of  the  formability  limit  curve,  were  developed  in  Chapter  II.  Two 
types  of  failure  occur --buckling  and  splitting.  The  geometric  variables 
involved  are  illustrated  in  Figure 


FIGURE  V  55  GEOMETRIC  PARAMETERS  FOR  ANDROFORMING 

Buckling  is  inversely  proportional  to  R^  and  t,  whereas 
splitting  is  inversely  proportional  to  R^^  and  R^  and  directly  pro¬ 
portional  to  t.  Two  composite  graphs  are  therefore  necessary  to  define 
the  limits,  as  illustrated  in  Figures  V-'6  and  V-^T- 
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FIGURE  V  56  ANDROFORM  SPLITTING  LIMIT  (50"  DIE) 
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The  basic  equation  for  the  splitting  limit  in  Androforming  is 


(See  Figure  V-56): 


(  V  -  65  ) 


Et 

■2.0  Sty 


The  splitting  formability  index  is  — as  developed  in  Chapter  III. 

(2.0  Sty 

The  splitting  formability  index  line  which  positions  materials  according 
to  their  mechanical  properties  for  the  die  is: 


(  V  -  66  )  \  &  = 


At  the  Intersect Icn  of  the  Index  line  and  the  splitting  limit  curve: 
(V-67)  -^  =  -z  ^"4-  X  10-' 

^  f  t2.o  Sty 

Solving  for  B  by  substituting  equation  (V-66)  and  (V-67)  into  (V-65): 


(  V  -  68  ) 


Equation  (V-6l?)  now  becomes:. 


(  V  -  65a  ) 


Rt  _ 
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The  basic  equation  for  the  buckling  limit  in  Androforming  is 


(See  Figure  V-57): 


(  V  -  69  ) 


RtI  =  Sty 
Et 


C 

T 
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The  buckling  formability  index  is^-^— ^as  developed  in  Chapter  III.  The 
buckling  formability  index  line  which  positions  materials  according  to 
their  mechanical  properties  has  the  equation  (For  the  50"  die) : 


V-58 
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(V  -  70) 

Che  intersection  or  the  index  lino  and  the  buciaing  limit  ciurve: 
(  V  -  71  ) 

Using  equations  (V-70)  and  (V-71),  solve  for  C  in  (V-69): 

(  V  -  72  ) 

Substituting  the  value  of  C  back  into  equation  (V-69)  gives: 


The  equations  ior  the  20  inch  dies  were  developed  in  the  same 
manner  aixL  are: 

Splitting  Limit  For  20"  Die 
(  V  -  73  ) 

Buckling  Limit  Fcr  ?0' 

(  V  -  74  ) 

In  summary,  the  splitting  emd  bucjiling  limits  for  the  y)"  die  are 
given  by  equations  (V-6^)  and  (V-69a),  aiKl  the  equations  for  20"  die 
are  given  by  (V-73)  (V-7^) . 
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DESIGN  TABEES 


Design  tables  for  any  material  can  be  established  from  the 
buckling  and  splitting  limit  ^ormability  curve  as  defined  by  the 
predictability  equations.  Knowing  Rp  and  t,  the  limiting  value  cf 
can  be  obtained  easily  by  finding  the  limiting  value  of  R  i/fr 
from  the  splitting  curve  and  R^t  from  the  buckling  curve.  If  the 
Rl  value  from  the  buckling  curve  is  larger  than  the  Rj^  value  from 
the  splitting  curve,  the  buckling  limit  is  the  primary  limit  since  any 
value  less  would  buckle.  If  the  reverse  is  true,  the  splitting  limit 
is  the  primary  limit  since  any  value  less  would  split.  The  resulting 
design  table  is  illustrated  in  Figure  V-58. 
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FIGURE  V-58  DESIGN  TABLE  FORMAT  FOR  ANDROFORMING 
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DEEP  DRAWING  WITH  MECHANICAL  DIES 


The  fundamental  shape  equations  for  deep  drawing,  which  define 
the  shape  of  the  formability  limit  curve,  were  developed  in  Chapter  II. 
The  limitinj;'  failure  is  buckling,  as  shown  in  Chapter  III.  A  com¬ 
posite  graph  composed  of  the  err|irically  determined  forming  limit 
curves  of  all  materials  was  developed  as  illustrated  in  Figure  V-^9- 
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FIGURE  V  59  COMPOSITE  GRAPH  FOR  DEEP  DRAWING 

The  basic  geometric  parameters  are  defined  by  Figure  V-60. 
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FfGURE  V  -  60  GEOMETRIC  PARAMETERS  FOR  DEEP  DRAWING 


The  huckling  index  for  deep  drawing  as  developed  in  Chapter  III  is: 
(  V-75) 

The  buckj-lng  limit  curves  and  index  lines  arc  illustrated  in  Figure  V-6l 
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figure  V-61  buckling  curves  and  index  lines  for  deep  drawing 


The  equation  for  the  elastic  buckling  index  line  was  found  from  Figure 
V-6l  by  the  slope  and  intercept  method  to  be: 


(  V  -  76  ) 
The  general  equation  for 
(  V  -  77  ) 


h 

Rb 

3.96  X  10®  (-^) 

elastic  buckling  limit  is: 

II 

^Scy'  'Scy/  \  t  / 

The  intersection  of  ohe  index  line  and  forming  limit  curve  is: 


(V-78) 
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Solving  for  B  from  equations  (V-76) ,  (V-77)  aud  (V-78)  and  substituting 
back  into  equatinr  (V-77)  • 

I  Z  r~Z  !  no.eta  r~  ^ 


Jl  =  0.258  /JL) 

Rfa  > 


(V-77.)  T,  °  (fef  1-f)  ~ 

The  equation  for  the  plastic  buckling  index  line  is : 

(  V  -  79  )  =  0.258  (^) 

R|j  \  f  / 

The  general  equation  for  the  nlastic  buckling  limit  is: 

(v-30)  I -  (fe)  m  ^ (-^) 

The  intersection  of  the  index  line  and  the  formir47  limit  curve  is: 

(V-8.)  I  -f  =  (fe)  (fg)  >^~ 

Solving  for  C  from  equations  (V-79),  (V-8o)  and  (V-81)  and  substituting 
back  Into  equation  V-80  gives: 


h  _ 

(^\  /Stv\ 

c  (Jl) 

Rb 

'Scy/  '  ScY  / 

1  f  / 

h 

0.258rf  — ) 

/SiYW  10-’ 

0.139 

(4) 

Rb 

LVS(tv' 

\ScY  / 

\  t  I 

(v-80.)  1^^  =  ■°  J  (t) 

The  elastic  and  plastic  buckling  limit  predictability  equations  are 
(V-77a)  and  (V-80a)  . 
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DESIGN  TABLES 


Design  tables  for  deep  drawing  limits  were  established  for  each 
material  by  using  the  composite  graph  and  an  overlay  graph  wich 

constant  R^/t.  curves  as  illustrated  in  Figure  V-62. 
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FIGURE  V-62  DEEP  DRAWING  LIMIT  CURVE  AND  OVERLAY  GRAPH 

Selecting  a  particular  die  radius  (Rj^)  and  gage  (t)  gives  a  particular 
R^/t.  At  the  intersection  of  the  R^j/t  line  and  the  limiting  curve  a 
vertical  line  is  drawn  down  to  the  limiting  h/t.  The  value  of  the  blank 
diameter  limit  (D^)  can  then  be  obtained  since  h  =  -  R^  and  D^j  =  2R^. 

The  flange  height  can  then  be  determined  from  the  n/h  versus  curve 

developed  for  deep  drawing  in  Chapter  II.  Design  tables  as  illustrated 
in  Figure  V-63  can  then  be  developed. 
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FIGURE  V  -  63  DESIGN  TABLE  FORMAT  FOR  DEEP  DRAWING 
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MANU/a  SPINNING 


The  fundamental  shape  equations  for  manual  spinning,  which  define 
the  shape  of  the  forraability  limit  curve,  were  developed  in  Chapter  II. 
Two  types  of  buckling  occur- -elastic  and  plastic.  In  addition  to  the 
elastic  and  plastic  buckling  limit  there  is  a  machine  limit  based  upon 
the  gage  of  material  being  spun.  A  composite  graph  composed  of  the 
empirically  determined  forming  limit  curves  of  all  materials  was 
developed  as  illustrated  in  Figure  V-64 . 
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FIGURE  V-64  MANUAL  SPINNING  LIMIT  COMPOSITE 

The  basic  geometric  parameters  are  defined  by  Figure  V-6^. 
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FIGURE  V  -  65  GEOMETRIC  PARAMETERS  FOR  SPINNING 


The  general  equation  for  the  plastic  buckling  limit  is: 


(V  -  82) 


The  plastic  cucKxing  index  as  developed  in  Chapter  III  is  (E-p/Sy)  .  The 
plastic  buckling  index  line  was  developed  experimentally  as  illustrated 
in  FigTire  (V-66) . 
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FIGURE  V-66  PLASTIC  BUCKLING  LIMITS  FOR  SPINNING 


The  equation  for  the  plastic  buckling  index  .line  from  figure  (V-66}  is 
(  V  -  83  ) 

At  the  intersection  of  equation  (V-82)  and  (V-83); 

(  V  -  84  ) 

Solving  equations  (V-82),  (V-83)  and  (''-84)  simultaneously  gives: 

(  V  -  82a  ) 

The  general  equat-'’''n  ^or  elastic  buckling  limit  is: 
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The  elastic  buckling  index  line  was  developed  experimentally  as 
illustrated  in  Figure  V-67* 
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FIGURE  V-67  ELASTIC  BUCKLING  LIMITS  FOR  SPINNING 

The  equation  for  t-hf  elastic  huckliofr  index  line  from  F''"”re  (V-67] 


(  V  -  86  ) 

=  1.279  X10-“ 

Rb 

At  the  intersection  of  equation  (V-Ss)  and  (V-86): 

(  V  -  87  ) 

X  10- 

Rjj  SCY 
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Solving  equations  (V-85),  (V-86) ,  and  (V-87)  simul-ianeously  for  B  and 
substituting  back  into  (V-85)  gives: 


(  V  -  85a  ) 


The  machine  limits  are  a  function  of  the  material  properties  and 


the  thickness .  In  order  to  develop  the  equation  for  the  machine  limits 


two  index  lines  must  be  determined.  Index  line  I  positions  index  line 
II  on  the  basis  of  material  properties  (E,p/Sy) .  Index  line  II  .. 
positions  the  machine  limits  on  the  basis  of  thickness  of  material. 
(See  Figure  V-68) . 
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FIGURE  V-68  MACHINE  LIMIT  INDEX  LINES 

FOR  SPINNING 
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The  equation  of  index  line  I  from  the  slope  and  intercept  (Figure  V-68) 


is : 


(  V  -  88  ) 


^  =  .072  (  i  ^ 


The  equation  of  index  line  II  has  the  form: 


(  V  -  89  ) 

^  =  B 

Rb 

( - 1 

t-|  0 

U  (/) 

1 _ _ J 

"  h  1 

t 

At  the  intersection  of  ■ 

equations  (V-88)  and  (V-59): 

(  V  -  90  ) 

h  _  TEt 
Rb  ~ 

X  10"^ 

Solving  equations  (V-88),  (V-89)  and  (V-90)  simultaneously  for  B  and 
substituting  back  into  (V-89)  gives: 


h  _ 

8.13  X  10““ 

Ej  X  10-^ 

-t.7 

Fh" 

1.08 

% 

_Su 

[♦J 

It  is  now  possible  to  get  the  equation  for  the  machine  limit  for 
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The  equation  of  the  rriachlne  limit  curve  has  the  fonri*. 


At  the  intersection  of  equations  (V-89a): 

(  V  -  92  ) 

Solving  equations  (V-89a),  (V-91)  and  (V-92)  simultaneously  for  C 
and  substituting  back  into  equation  (V-9l)  gives: 


In  svimmary  the  predictability  equations  for  spinning  are  illustrated 
in  Figure  V-70. 


DESIGN  TABLES 


Design  tables  for  manual  spinning  limits  were  established  for 
each  material  by  using  the  composite  graph  and  an  overlay  graph  with 
constant  R(j/t  curves  as  illustrated  in  Figure  V-71. 


FIGURE  V-71  SPINNING  LIMIT  CURVE  AND  OVERLAY  GRAPH 


Selecting  a  particular  lie  radius  and  gage  (t)  gives  a  particular 

Rjj/t.  Where  this  particular  R^j/t  line  intersects  the  limiting  curve 
a  vertical  line  is  drawn  down  to  the  limiting  h/t.  The  value  of  the 
limiting  blank  diameter  (D^^)  can  then  be  obtained  since  h  = 
and  Djj  =  2R^ .  The  flange  height  (H)  can  then  be  determined  from  the 
H/h  vs .  Dt)/Djj  curve  developed  for  spinning  in  Chapter  II .  Design 
tables  as  illustrated  in  Figure  V -72  can  then  be  developed . 


V-7U 
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FIGURE  V  -  72  DESIGN  TABLE  FORMAT  FOR  SPINNING 
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BEADING  ON  THE  RUBBER  PRESS 


The  fundamental  shape  equations  for  rubbei-  formed  beads,  which 
define  the  shape  of  the  formability  limit  curve,  were  developed  in 
Chapter  II.  In  addition  to  the  splitting  limit  there  is  an  insufficient 
pressure  limit  based  upon  a  rubber  pad  pressure  of  30C>0psi .  A  composite 
graph  composed  of  the  empirically  determined  forming  limits  curves  of 
all  materials  was  developed  as  shown  in  Figure  V-73- 


FIGURE  V-73  COMPOSITE  GRAPH  FOR  RUBBER  FORMED  BEAD  LIMITS 

The  geometric  parameters  are  defined  by  Figure  V-74. 


V-76 
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FIGURE  V-74  GEOMETRIC  PARAMETERS  FOR  RUBBER  BEAD  FORMING 


The  general  equation  for  the  splitting  limit  is: 


(  V  -  93  ) 


—  —  V  2.0  Su 

B 

■  r' 

t 

-12.4 

The  equation  of  the  splitting  limit  index  line  from  the  slope  and 
intercept  (See  Figure  V-73)  is; 


(  V  -  94  ) 


6.84  X  10-^  (-f-)’*® 


At  the  intersection  of  equations  (V-93)  and  (V-9*+) 


(  V  -  95  ) 


=  €z.o  Su  X  10~^ 


Solving  equations  (V-93),  (V-9^)  and  (V-95)  simultaneously  for  B  and 
substituting  back  into  equation  (V-93): 


(  V  -  93a  ) 

R 

L  “ 

6.0  X  10“^' 

€  2.0  Sul 

■  R  ■ 

t 

-12.4 
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The  equation  for  the  rubber  pressure  limit  has  the  form: 


(  V  -  96  ) 


The  equation  for  the  pressure  limit  index  line  from  the  slope  and  intercept 
(See  Figure  V-73) 

(  V  -  97  ) 


IS : 


At  the  intersection  of  equations  (V-96)  and  (V-97) 


(  V  -  98  ) 


L 


X  10^ 


Solving  equation  (V-96),  (V-97)  smd  (V-98)  simultaneously  for  C  and 
substituting 

(  V  -  96a  ) 

Equations  (V-93a)  and  (V-9c>a)  are  the  predictability  equations  for  rubber 
bead  forming. 


back  into  equation  (V-96) ; 


r  1  1 

0,216 

r  I 

0.29 

=  .065 

s,v  X  '0* 

R. 

L 

^  .065 

t 

DESICTt  TABLES 

Design  tables  for  rubber  bead  forming  were  established  for  each 
material  directly  from  the  composite  graph  as  illustrated  in  Figure  V-7t). 
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FIGURE  V-75  COMPOSITE  GRAPH  USED  TO  ESTABLISH  DESIGN  LIMITS 

FOR  RUBBER  BEAD  FORMING 

A  particular  R  and  t  (R^,  t^)  are  selected  and  the  /l?"  limit  is  read 
directly  from  the  curve .  Since  R^  is  known  is  calculated  directly . 

For  each  gage  and  material  the  free  form  reuiius  (R^)  is  calculated  from 
the  equation  (V-99) - 

(  V  -  99  ) 
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Design  tables  can 


then  be  established  as  illustrated  in  Figure  V-76. 


FIGURE  V-76  DESIGN  TABLE  FOR  RUBBER  BEAD  FORMING 
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DROP  HAMMER  BEADING 


The  equations  for  drop  haramer  bead  forming,  which  define  the 
shape  of  the  formability  limit  ctirve,  were  developed  in  Chapter  II. 

A  composite  graph  composed  of  the  empirically  determined  forming 
limits  curves  of  all  materials  was  developed  as  illustrated  in  Figure 
V-77. 


FIGURE  V-77  COMPOSITE  GRAPH  FOR  DROP  HAMMER 
BEAD  FORMING 


The  geometric  parameters  are  defined  by  figure  V-78. 


ASD  TR  61-191(1) 


V-81 


FIGURE  V-78  GEOMETRIC  PARAMETERS  FOR  DROP  HAMMER 
BEAD  FORMING 


The  upper  and  lower  practical  forming  limits  have  been  established 
at  R/L  =0.^5  and  R/L  =  .06  respectively. 


The  basic  equation  for  the  splitting  limit  is; 
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r  n 

n  n 

r  1 

II 

€  .s 

(CORRECTED) 

B 
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The  equation  for  the  formability  iodex  line  is: 


R.  -  50  JR 

t  L 


At  the  intersection  of  equations  (V-lOO)  and  (V-lOl): 
(  V  -  1 02  ) 


R  c 

-|~  =  t  .5  (CORRECTED) 


Solving  equation  (V-lOO) ,  (V-lOl)  and  (V-102)  simultaneously  for  B 
and  substituting  back  into  equation  (V-lOO): 


R  [f 

~  =  lx  .5  (CORRECTED) 
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DESIGN  TABLES 


Design  tables  were  developed  for  drop  hammer  bead  forming  in  the 
same  manner  as  in  rubber  bead  forming. 
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CHAPTER  VI 

SURVEY  OF  INDUSTRY  AND  INSTITUTIONS 
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aJRVEi:  3F  x..D.lS'n<Y  A..D  illSTlT Jl'IOLS 

‘[•o  assure  maximuju  oenei'io  fi-oia  uast  work  in  sheoretucai  formbility^ 
a  survey  was  niade  of  uhe  imusury  anu  educational  and  research  institutions. 
Phis  survey  was  intendeu  to  insure  a  rninim'ujr.  dUj..iication  of  effort. 

Chance  Vou^^ht  Cortcu'at^jn  nas  continually  attempted  to  Keep  abreast 
of  significant  advances  in  ana.LyticaL  Torming  technology^  even  before  this 

-ct  was  mauL  with  .ue  Air  Force.  The  cost  important  contributions 
were  .;'.ade  daring  V/orld  V-ar  ir  and  the  years  immediately  follov:ing>  gen¬ 
erally  by  the  universities.  A  number  of  contracts  were  let  under  govern¬ 
ment  sponsorship^  but  they  were  related  to  formabiiity  of  specific  mate¬ 
rials  for  a  few  forming  processes.  The  materials  studied  v/ere  the  most 
important  of  the  time,  the  light  aluminum  and  magnesium  alloys. 

The  Boeing  Airplane  Company  did  some  original  work  in  analytical  for¬ 
mabiiity  during  the  early  part  of  the  nineteen- fifties  at  the  same  time 
that  the  Chance  Vought  Corporation  was  originating  work  in  the  same  field. 
Boeing  developed  information  for  the  Air  Force  under  contract  33(^0^) “23^^23 
to  predict  bendabiiity  of  materials  based  on  true  stress- true  strain  data 
of  materials. 

The  survey  for  the  current  theoretical  formabiiity  program  was  con¬ 
ducted  in  order  to  reaffirm  that  all  existing  information  on  analytical 
formabiiity  had  been  obtained.  The  following  table  indicates  that  this  is 
true.  Host  of  the  coiapanies  responded  to  the  inquiry^  but  little  addi¬ 
tional  information  regarding  analytical  formabiiity  was  obtained  beyond 
that  which  was  received  prior  to  the  contract.  It  was  determined  thi'ough 
the  initial  survey  by  mail  that  further  surveying  by  personal  visit  was 
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unnecessary  because  of  the  limited  information  available.  Five  of  the 
companies,  in  addition  to  Chance  Vought  Corporation,  indicated  some  pre¬ 
vious  attempt  to  develop  an  analytical  approach  to  forming,  nowever,  the 
extent  to  which  the  information  developed  is  c  irrently  being  used  could 
not  be  ascertained. 

It  has  been  found  through  correspondence  and  personal  contacts  that 
this  type  of  a  program  for  determining  formabiiity  is  greatly  needed.  All 
of  the  comments  regarding  the  value  of  this  approach  to  forming  have  been 
favorable. 
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FIGURE  Vl-I  FORMABILITY  SURVEY  RESULTS 


FIGURE  VI-1  FORMABILITY  SURVEY  RESULTS  (  CONTINUED  ) 
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LocKhead  Aircraft  Corp.  X  XX  Pleased 

Burbaniv,  Cal. 
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FIGURE  VI-1  FORMABILITY  SURVEY  RESULTS  (  CONTINUED  ) 
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CHAPTER  VII 

SUMMARY  OF  PROGRAM  AND 
DISCUSSION  OF  PROBLEM  AREAS 
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SUMMARY  OF  PROGRAM  AND  DISCUSSION 


OF  PROBLEM  AREAS 

As  was  brought  out  in  the  progress  reports  for  this  program,  very  good 
correlations  were  made  for  all  forming  processes  with  a  minimum  of  scatter. 
Practically  all  of  the  scatter  that  occurred  can  be  explained  on  the  basis  of 
variation  in  the  materials,  the  process,  and  methods  of  measuring. 

The  curves  for  all  of  the  processes  were  developed  empirically.  The 
shape  of  the  graphs  were  detemined  theoretically,  as  shown  in  Chapter  II, 
and  the  formability  indices  were  developed  from  the  same  equations  or  by 
dimensional  analysis  as  shown  in  Chapter  III.  Curves  for  all  of  the  materials 
were  positioned  with  the  aid  of  the  formability  indices  and  experimental  parts. 

A  total  of  approximately  21,000  i)arts  were  formed  on  the  contract  with 
the  following  distribution: 


Proces.*' 

Total  Parts 

Number  of  Different 
^faterial3  Formed 

Tension  and  Compression 

1800 

19 

Brake  Forming 

LlOO 

19 

Joggling 

1550 

19 

Dimpling 

6800 

19 

Rubber  Flanging 

1250 

16 

Linear  Contouring 

1100 

17 

Linear  Roll 

1150 

16 

Sheet  Stretch 

120 

15 

Androform 

70 

6 

figure  VII  —  1  TABLE  OF  TOTAL  PARTS  FORMED  ON  CONTRACT 
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Figure  VI I -1  (Continued) 


Process 

Total  Parts 

Number  of  Different 
Materials  Fonned 

Deep  Drawing 

1450 

18 

Spinning 

5OC' 

19 

Drop  Hammer  Beading 

400 

15 

Rubber  Beading 

65C 

Ip 

Total 

20,84c 

1800  of  these  were  standard  tension  and  coirpressioc  specimens  either  with  or 
without  grids.  These  number  of  parts  can  be  further  distributed  according 
to  phases  as  shown  below; 


Phase 

Number  of 
Materials 

Number  of  Parts 
Per  Material 

III 

One 

2600 

IV 

Five 

1900 

V 

Thirteen 

700 

FIGURE  VII  -  2  TABLE  OF  NUMBER  OF  PARTS  PER  MATERIAL 
PER  PHASE 

Phase  III  comprised  2024  aluminum  and  was  used  for  verification  of  the  shape 
of  the  theoretical  graphs.  Phase  IV  consisted  of  five  additional  materials 
which  were  used  for  empirically  positioning  the  curves  with  the  aid  of  the 
formability  indices.  Phase  V  consisted  of  thirteen  additional  materials 
which  were  used  for  verification  of  both  the  shape  and  position  of  the  curves. 
In  this  latter  phase,  formability  predictions  were  made  prior  to  forming 
of  the  parts . 
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The  general  usage  of  material  by  gage  is  shown  in  the  table  below. 


I 


Phase 

Number 

of 

Materials 

Eleven 

Forming 

Processes 

Brake 

Forming 

Tensile  and 
Compr.  Specimens 

III 

One 

.020 

.020 

.020 

.040 

.040 

.040 

.063 

.063 

.063 

.100 

.100 

.125 

.125 

.187 

.187 

IV 

Five 

.020 

.020 

.020 

.040 

.040 

.040 

.063 

.063 

.063 

.100 

.100 

.125 

.125 

.187 

.187 

V 

Thirteen 

.020 

.020 

.020 

.063 

.063 

.063 

.100 

.100 

.125 

•125 

FIGURE  VII  -  3  TABLE  OF  GAGES  USED  FOR  TYPES  OF  PARTS 
AND  SPECIMENS 


All  of  the  materials  did  not  conform  to  these  gages  because  of  availability 
or  otherwise;  however,  this  list  does  illustrate  the  general  gage  distribution 
used  on  the  contract. 


ASD  TR  61-191(1) 


VII -3 


The  program  objective  was  to  develop  an  analytical  method  of  predicting 


formability  limits  of  sheet  material  using  only  the  mechanical  properties  of 
the  material.  This  objective  has  been  accomplished  for  the  twelve  forming 
processes  included  in  the  contract.  Equations  have  been  defined  for  each 
type  of  failure  for  each  process  and  methods  analyzed  for  drawing  limit 
graphs  for  any  material,  once  the  pertinent  properties  for  the  material  are 
known . 

Problems  have  been  encountered  in  determining  fonnability  limits  for 
nearly  all  of  the  processes.  Most  of  these  are  explained  on  the  basis  of 
known  answers;  however,  some  of  them  are  explained  only  by  a  theoretical 
analysis.  The  following  pages  of  this  chapter  are  devoted  to  a  discussion  of 
these  problem  areas  by  process : 


Formability  Tests 

Formability  tests  included  the  half  inch  wide  standarti  tensile  specimen, 
the  standard  compression  specimen,  and  a  special  12  inch  wide  tensile  speci¬ 
men  as  brought  out  in  Chapter  IV.  Some  of  these  tensile  specimens  were  gridded. 

Gridding  was  a  problem  at  room  temperature  on  only  2  of  the  19  materials . 
HM-21XA-T8  magnesium  -  xhorium  could  not  be  gridded  due  to  its  radioactivity  and 
Vascojet  1000  could  not  be  gridded  because  of  poor  surface  conditions.  The 
latter  material  also  rusted  to  such  an  extent  that  grid  lines  that  did  re¬ 
produce  would  almost  be  obliterated.  Elevated  temperature  tensile  specimens 
could  not  be  gridded  because  they  would  burn  off  when  subjected  to  the  heat. 

Another  problem  associated  with  the  tensile  tests  was  oblique  fractures 
across  the  specimen  rather  than  fractures  perpendicular  to  the  axis  of  the 
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tensile  specimen.  These  oblique  fractures  occurred  only  for  certain  gage 
ranges  for  a  few  of  the  materials  and  were  detrimental  because  they  distorted 
the  grids  making  it  more  difficult  to  read  them  accurately.  Only  two  materials, 
15  -  7  PH  and,  I7  -  7  PH  stainless  steels,  exhibited  oblique  fractures  for 
all  gages . 

In  addition  to  the  normal  gridding  problem*,  the  12  inch  wide  specimens 
presented  problem  of  slipping  in  the  jaws  and  notch  sensitivity  of  some 
materials  causing  failure  in  the  jaws.  6A1-4V  titanium  and  J-1570  could  not 
be  pulled  without  slipping  in  the  jaws  and  molybdenum,  tungsten,  berylluim, 
and  columbium  (lO-lO)  could  not  be  clamped  in  the  jaws  without  breaking.  By 
including  the  2  materials  that  could  not  be  gridded,  this  made  8  of  the  19 
total  materials  impossible  from  which  to  get  strain  data.  Even  though  the 
11  materials  that  produced  tensile  data  correlated  very  well  for  some  of  the 
forming  processes,  these  wide  tensile  specimens  were  abandoned  in  favor  of 
the  standard  tensile  specimen. 


Bending 

This  type  of  forming  operation  includes  both  brake  forming  and  joggling. 
Both  processes  produced  good  resiilts;  however,  some  of  the  problem  areas  need 
explaining,  particularly  for  brake  forming. 

In  the  first  place,  HM  -  21XA-T8tnagnesium-thorium  and  6A1-4V  titanium, 
the  two  hexagonal  close  packed  alloys,  did  not  correlate  on  the  same  curve 
with  the  other  alloys,  all  of  which  were  either  body  centered  or  face  centered 
cubic.  For  this  reason,  it  is  expected  that  all  H.C.P.  metals  will  correlate 
on  a  single  separate  line  due  to  the  fact  that  the  bending  qualities  for  these 
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metals  are  not  as  good  in  comparison  with  simple  tensile  properties  as  are 
the  B.C.C.  and  F.C.C.  alloys.  The  reason  for  these  relatively  poor  bending 
qualities  for  H.C.P.  alloys  is  that  the  surface  layers  are  not  oriented  for 
slip  on  the  maximum  shear  stress  planes  as  well  as  tensile  specimens  are. 

Another  deviation  in  the  correlation  curve  for  brake  forming  was  found 
for  2024  alvuninum  which  was  caused  by  the  punch  imbedding  into  the  soft  material 
particularly  for  the  heavy  gages .  This  is  explained  in  more  detail  in  Chapter 

I. 


One  gage  each  for  each  of  the  following  materials  exhibited  different 
bending  limits  from  the  other  3  gages  for  the  material: 


Material 

One  Gage  to  Deviate 

From  the  Other  Five 

USS  12  MoV 

.020 

VASCO JET -1000 

.063 

HM-21XA-T8 

.020 

BETA  TITANIUM 

.125 

FIGURE  Vn  -  4  GAGE  DEVIATION  IN  BRAKE  FORMING 


It  is  expected  that  the  reason  for  this  deviation  in  bendability  of  one  gage 
from  the  other  five  is  due  to  procurement  of  a  material  deviation  within  the 
gage.  This  was  found  true  for  USS  12  MoV  where  the  .020  gage  was  found  to  have 
been  cold  rolled  and  the  rest  of  the  gages  hot  rolled. 

Beta  titanium  and  molybdenum  ( .5  titanium)  bad  to  be  brake  formed  slow  to 
correlate  due  to  their  strain  rate  sensitivity.  The  speed  for  forming  these 
two  materials  had  to  be  reduced  to  approximate  the  speed  of  tensile  testing. 


ASD  TR  61-191(1) 


VII -6 


6A1-4V  titanium  was  also  included  in  this  reduced  speed  testing  but  no 
increased  formability  resulted  because  of  the  rolling  textures  mentioned 
above  for  hexagonal  close  packed  metals . 

Magnesium-thorium  HM21XA-T8,  tungsten,  and  beryllium  were  formed  at 
750 °F,  800 °F,  and  1200°F  respectively  because  they  could  not  be  formed  at 
room  temperature.  Elevated  temperature  seemed  to  be  detrimental  to  molyb¬ 
denum,  columbium  (lO-lO),  USS-12-MoV,  and  Vascojet  1000.  This  can  be 
explained  by  observing  the  following  schematic: 


FIGURE  VII  -  5  ELONGATION  VARIATION  WITH  TEMPERATURE 


Beryllium,  tungsten,  and  magnesium  -  thorium  are  shown  to  have  elongation 
increasing  with  temperature  whereas  the  other  four  materials  are  shown 
to  decrease  in  elongation  for  the  teraperatut’e  tested. 
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Elevated  tempera txire  tests  on  tungsten  resulted  in  extreme  differ¬ 
ence  in  bendability  of  the  .020  and  .040  gages  above  400°F.  The  smallest 
radius  to  gage  ratio,  R/t,  that  could  be  obtained  for  the  .020  gage  was 
found  to  be  7*0  whereas  the  .040  resulted  in  .50. 

Columbium  (lO  Mo  -  10  Ti)  produced  very  erratic  results  in  brake  form¬ 
ing.  All  gages  except  one  resulted  in  severe  delaminations  during  both 
tensile  testing  and  brake  forming,  giving  bend  radius  to  gage  ratios,  R/t, 
of  1.0  to  4.5.  The  only  sheet  of  this  alloy  to  be  absent  of  laminations 
was  the  .040  which  produced  the  Sffjallest  values  of  R/t.  No  attempt  has  been 
made  to  correlate  this  material  to  the  predictable  limits  established  for 
the  other  eighteen  materials  due  to  the  erratic  behavior  from  sheet  to 
sheet . 

The  major  limitation  found  in  joggling  was  the  joggle  bend  radius  r, 
discussed  in  Chapter  I  and  shown  below; 


FIGURE  VII— 6  JOGGLE  BEND  RADIUS 
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The  standard  bend  radius  of  .O32  was  found  to  be  too  small  for  beryllium, 
tungsten,  beta  titanium,  columbium  ( 10-10),  and  vascojet  1000  for  forming  at 
room  temperature.  This  radius  was  increased  to  .060  in  order  to  form  the 
last  three  materials  at  room  temperature.  6A1-4V  titanium  could  not  be 
formed  even  at  elevated  temperature;  however,  heat  Increased  the  formability 
of  HM-21XA-T8  considerably. 


Flanging 

The  processes  covered  under  flanging  will  be  dimpling  and  rubber  press 
stretch  and  shrink  flanges .  Very  good  correlations  have  been  made  for  all 
three  processes;  however,  small  problems  were  encountered  during  the  ex¬ 
perimental  work  of  each. 

The  principle  problem  area  for  dimpling  was  associated  with  a  900 “f 
temperature  limitation  for  tne  machine  used.  This  limitation  was  noticeable 
chiefly  on  the  high  strength  materials  where  poor  definition  resulted,  even 
at  maximum  pressures,  and  the  formability  limits  could  not  be  reached  on  some 
of  these  materials.  In  addition,  materials  with  poor  bend  ductility  exhibited 
circumferential  failures  due,  chiefly,  to  the  900°F  temperature  limitation 
thus  increasing  the  difficulty  of  determining  the  radial  splitting  limits. 

The  1925  psi  pressure  limit  for  the  rubber  press,  on  which  the  stretch 
and  shrink  flanges  were  formed,  was  the  limiting  factor  for  this  type  of 
forming.  This  pre8s\ire  limitation  made  it  difficult  to  determine  formability 
limits  for  splitting  heavy  gages  on  dies  with  small  curvature.  In  some  materials, 
only  the  .020  gage  was  used  to  determine  fracture  limits  due  to  this  pressure 
limitation.  In  addition,  the  limited  pressiire  of  1925  psi  was  not  sufficient 
to  remove  normal  secondary  failures  such  as  humping  and  shear  buckling  as 
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brought  out  in  Chapter  I. 


In  order  to  reach  the  expected  splitting  limits  for  HM-21XA-T8,  the  flange 
edge  had  to  be  polished  similar  to  the  tensile  specimens. 

Linear  Contouring  of  Sections 

Linear  contouring  of  sections  includes  both  linear  stretch  forming  and 
linear  roll  forming.  Very  few  problems  were  encountered  in  these  types  of 
forming  so  that  correlations  were  readily  made. 

In  linear  stretch  forming,  the  buckling  line  for  molybdenum  and  columbium 
did  not  correlate  as  well  as  expected.  A  possible  answer  for  this  is  that  the 
forming  on  the  stretch  press  was  somewhat  faster  than  the  tensile  specimens 
resulting  in  an  increased  yield  strength.  This  makes  bucklir^  occui*  for 
smaller  h/t  values  than  predicted. 

It  was  determined  that  tungsten,  beryllium,  and  magnesium  -  thorium  could 
not  be  formed  due  to  the  brittleness  of  these  materials  when  placed  in  the 
stretch  forming  jaws.  A  solution  was  fovmd  for  the  magnesium  alloy  by  heating 
the  ends  of  the  part  immediately  before  inserting  in  the  jaws. 

The  only  difficulty  encountered  in  linear  roll  forming  was  the  inability 
to  get  splitting  failures.  The  reason  for  this  was  found  to  be  that  buckling 
instabilities  were  so  severe  as  to  keep  all  stresses  low  enough  so  that  split  - 
ting  coiild  not  occvu*. 
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Plane  Contouring  of  Sheet 


Plane  contouring  of  sheet  includes  sheet  stretch  forming  and  Androf orming . 
Parts  from  both  processes  had  to  be  evaluated  on  the  basis  of  approaching 
formability  limits  rather  than  absolute  limits  with  good  and  failed  parts  on 
either  side  of  a  limit  line.  Very  good  correlations  were  made  with  both 
processes  using  the  appropriate  indices  developed  in  Chapter  III . 

Very  little  difficulty  was  encountered  in  sheet  stretch  forming  and  that 
was  with  hot  forming.  For  HM-21XA-T8,  magnesium  -  thorium,  hot  forming  at  750 °F 
posed  a  necking  stability  problem  in  that  extreme  care  had  to  be  taken  by  the 
machine  operator  in  regulating  the  Jaw  travel  so  as  to  prevent  splitting  the 
part  at  the  die  contact  point.  Provided  this  was  observed,  very  good  formability 
resulted  for  this  material.  In  addition,  the  limits  of  beryllium  and  tungsten 
were  not  given  due  to  the  extreme  brittleness  and  expected  breakage  during 
clamping  in  the  jaws . 

Some  difficulty  was  encountered  in  tooling  for  both  sheet  stretch  and 
Androf orming .  It  was  difficult  to  predict  the  severity  to  which  some  of  the 
most  ductile  materials  could  be  formed;  as  a  result,  it  was  found  that  only  the 
more  severe  sheet  stretch  dies  actually  gave  the  forming  limits.  Additional 
tooling,  considerably  more  severe  than  the  conventional  size,  had  to  be  made 
for  the  Androform  process  in  order  to  reach  the  forming  limits. 

All  Androforming  was  evaluated  for  the  heat  treated  or  highest  strength 
condition.  As  brought  out  in  Chapters  I,  II,  and  III,  this  is  essential  for 
this  process.  The  splitting  and  buckling  limits  were  both  found  on  the  special 
built  dies  with  transverse  radii  of  50  and  20  inches  respectively.  However, 
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these  two  types  of  limits  could  not  be  placed  on  the  same  graph  because  the 
forming  parameters  were  different.  Androforming  was  the  exceptional  case 
for  requiring  a  separate  graph  for  each  type  of  forming  failure. 

Deep  Recessing 

The  two  deep  recessing  methods  evaluated  for  producing  cylindrical  cupping 
are  deep  drawing  with  mechanical  dies  and  manual  spinning.  Both  processes 
correlated  very  weiJ.  with  the  fonnability  indices  developed  in  Chapter  III; 
however,  spinning  gave  some  scatter  due  to  the  nature  of  the  process. 

The  principle  problem  in  deep  drawing  was  related  to  the  pressure  for 
holding  the  pressttre  plate  against  the  part.  At  low  pressures,  which  were 
necessary  for  small  ratios  of  blank  radius  to  material  gage,  Rb/t,  the  hydraulic 
press  was  not  sensitive  enough  to  obtain  maximam  formability.  In  order  to 
compensate  for  this  machine  deficiency,  it  was  necessary  to  use  shims  for  the 
two  small  dies  with  pxuach  radii  of  2.5  and  3*0  and  the  heavy  material  gage 
.063 .  These  shims  gave  a  constant  clearance  for  the  drawing  flange  resulting 
in  formability  conparable  with  the  larger  dies. 

The  second  problem  in  deep  drawing  was  associated  with  forming  columbium 
(10 -10),  beta  titanium,  and  6A1-4V  titanium  at  room  tetnperature .  The  combined 
stresses  in  the  bend  radius  formed  by  the  punch  radius  was  sufficient  to  cause 
prematuie  failure  in  this  bend  radius  rather  than  in  the  wall  of  the  cup. 

This  failure  in  all  three  materials  started  in  the  bend  radius  and  propagated 
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across  the  bottom  of  the  cup  at  45°  to  the  grain  direction  as  shown  below: 


FIGURE  VII  -  7  VIEW  OF  BOTTOM  OF  CUP  SHOWING  CRACKING  AT 
45°  TO  GRAIN  DIRECTION  FOR  DEEP  DRAWING 


These  cracks  are  probably  due  to  anisotropy  because  of  their  regularity 
in  position  with  the  grain  direction.  Although  this  premature  failure  pre¬ 
vented  obtaining  limits  for  columbium  at  room  temperature,  it  was  not  of 
sufficient  detriment  to  prevent  obtaining  the  limits  for  the  beta  and  6A1-4V 
t ..  waniums . 


Problems  in  spinning  were  associated  generally  with  the  materials.  Vasco jet 
1000  exhibited  abnormal  scatter  which  is  presviraably  due  to  extreme  'variations 
in  material  properties,  part  of  which  has  shown  up  in  the  tensile  .  o.  com¬ 
pression  testing.  Some  of  the  materials  benefited  with  forming  at  elevated 
temperatures  and  some  did  not.  Heating  helped  HM-21XA-T8  magnesivun  -  thorium 
and  USS-12MoV  while  it  did  no  good  to  raise  the  temperature  for  Vascojet  1000 
and  columbium  (lO-lO) .  Hot  forming  was  essential  for  forming  beryllitun, 
tungsten,  and  moD.ybdentim  at  the  respective  temperatures  of  1200 °F,  1700*^  and 
850  *¥.  The  high  temperature  for  tungsten  was  found  necessary  after  medium 
fonnability  for  the  material  was  found  at  1100 °F. 
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Shallow  Recessing 


Shallow  recessing  consists  of  work  accomplished  in  bead  forming  on  the 
drop  hammer  and  the  rubber  press.  Good  correlations  were  made  for  bcth  of 
these  forming  processes,  particularly  after  considering  the  nature  of  the 
variables . 


A  single  problem  existed  for  drop  hananer  beading  and  was  associated  with 
the  poor  bending  qualities  of  HM-21XA-T8  magnesium  -  thorium,  6A3 -4V  titaniur., 
and  beta  titanium^  This  difficulty  was  premature  cracking  at  the  small  bend 
radius  at  the  end  of  the  male  beads  as  shown  below : 


FIGURE  Vll  -  8  PREMATURE  FAILURE  IN  DROP  HAMMER  BEADING 


These  three  materials  could  not  be  formed  even  for  the  least  severe  die  at  a 
ratio  of  bead  radius  to  bead  spacing,  R/L  of  .06. 

The  principle  problem  ussociated  with  beading  on  the  rubber  press  is  the 
pressure  limitation  of  the  rubber  press  of  3OOO  psi  resulting  in  large  free 
forming  radii .  This  limitation  made  it  impossible  to  get  fracture  limits  on 
all  materials  except  2024-0  aluir.invim,  Vasco  jet  1000,  USS-12  MoV,  A-286,  and 
beta  titanium.  It  was  impossible  to  fracture  these  materials  except  for  the 
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thinnest  gage,  .020.  Aiuininum  was  the  exception  for  fractures  occurred  on  all 
three  gages.  Predictability  equations  and  graphs  were  made  for  the  materials 
that  did  not  fracture  from  the  tensile  and  compression  data.  The  resulting 
free  forming  radii  were  relatively  large  for  these  materials. 

A  minor  problem  associated  with  rubber  press  bead  foming  was  the  occurrence 
of  plastic  buckling  perpendicular  to  the  beads  for  the  large  beads  with  a  large 
ratio  of  bead  radius  to  length  of  bead,  R/L.  This  buckling  will  not  occur  on 
practical  ratios,  however. 

HM-21XA-T8  raagnesivim  -  thorium  and  Skl-kV  titanixun  fractured  prematurely 
across  the  top  of  the  bead  for  rubber  press  beading  in  a  similar  manner  to 
drop  hammer  beading.  Again  this  was  due  to  the  small  bend  radius  at  the  end 
of  the  bead. 
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CHAPTER  Vm 

RECOMMENDATIONS  FOR  FUTURE  WORK 
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RECOMMENDATIONS  FOR  FUTURE  WORK 


The  results  of  this  program  have  opened  up  new  areas  needing 
investigation  in  the  sheet  metal  forming  field.  These  needed  developnents 
may  be  classified  into  seven  categories  as  shown  below: 

1.  Additional  Part  Shapes 

a .  Rubber  forming 

b.  Sheet  stretch  forming 

I 

I  c .  Deep  recessing 

d.  Linear  stretch  forming 

e.  Shallow  recessing  of  irregular  shapes 

2.  Extension  of  Forming  Limits 

a .  Rubber  forming  pressures 

b.  Effect  of  segment  angle 

c .  Elevated  temperature  creep  forming 

d .  Multistage  drawing 

e .  Compressive  brake  forming 

f.  Improved  forming  techniques 

3.  Results  of  Forming 

a .  Springback 

b .  Effect  on  material  properties 
c  .  Thinning  during  forming 

d.  New  alloy  development 

4 .  Additional  Conventional  Forming  Processes 

a.  Tube  bending 

b.  Deep  rubber  bladder  drawing 
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c.  Stretch  -  mechanical  die  forming 

d.  Progressive  forming 

5 .  Advanced  Forming  Processes 

a.  High  velocity  forming 

b.  High  temperature  forming 

6 .  Primary  Forming  Processes 

a.  Shear  spinning 

b .  Forging 

c .  Extruding 

d •  Sheet  rolling 

7.  Basic  Mechanisms  in  Metal  Forming 

a.  Plasticity 

b .  Buckling 

Although  all  of  these  will  be  necessary  to  complete  the  quantitative 
aspects  of  sheet  metal  forming,  some  will  be  needed  at  a  sooner  date 
than  others.  Also,  some  of  these  recommendations  need  a  more  basic 
understanding  before  the  theoretical  formability  concept  can  be  applied. 

ADDITIONAL  PARI  SHAPES 

Although  the  principal  shapes  have  been  considered  on  this  initial 
program  for  the  most  basic  forming  processes,  there  are  a  nvimber  of  part 
shapes  that  were  not  on  the  program. 

Smoothly  contoured  flanges  of  the  stretch  and  shrink  types  were  con¬ 
sidered  on  the  cvirrent  contract .  Additional  rubber  formed  parts  that  are 


ASD  TR  61-191(1) 


Vlll-y 


commonly  used  in  design  are:  (l)  straight  flanging,  (2)  Joggling,  and 
(3)  return  flanges.  Although  there  are  other  methods  of  producing  these 
flanges  and  recesses,  they  are  generally  formed  on  the  rubber  press  along 
with  the  curved  flanges  because  of  economic  reasons. 

Sheet  stretch  forming  of  symmetrical  double  curved  skins  was  the 
basic  part  developed  on  the  current  contract;  two  additional  types  of 
parts  needing  investigation  are:  (l)  nonsymmetrical  double  curved  skins 
and  (2)  reversely  curved  skins.  It  is  expected  that  correlations  can  be 
made  on  the  current  work  and  these  new  types  of  parts;  however,  some 
experimental  work  is  needed  to  verify  this . 

Deep  recessing  was  investigated  on  the  initial  program  for  both 
mechanical  dies  and  raaniial  spinning.  However,  this  was  performed  only 
for  the  basic  cylindrical  cup.  New  types  of  parts  needing  development 
for  the  mechanical  die  method  of  deep  drawing  are:  (l)  box  shapes,  (2)  dome 
ends,  and  (3)  tnmcated  cones.  The  last  two  also  need  development  for 
manvial  spinning. 

Linear  stretch  forming  of  the  most  basic  sections  was  covered  on 
the  current  program.  There  are  a  number  of  part  shapes,  however,  that 
are  needed  to  complete  the  formability  study  of  this  important  method  of 
section  contouring.  These  parts  are  explained  in  the  follov/ing  sketch  : 
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INCLUDED  ON  CURRENT 
CONTRACT 

1=^ _  R 

HEEl-  OU  I  ANGLE 

- R 

HEEL  IN  ANGLE 

□h - « 

HEEL  IN  CHANNEL 


HEEL  OUT  CHANNEL 


HEEL  IN  HAT 


RECOMMENDED  FOR  FURTHER 
DEVELOPMENT 

in^ - R 

Side  heel  channEl 

R 

HEEL  OUT  HAT 

Hi—- - R 

NORMAL  ZEE 

1=J- - « 

EDGEWISE  ZEE 

|}=- - R 

HEEL  OU  r  TEE 

■Hr - ’’ 

HEEL  ,  N  TEE 


FIGURE  Vm-1  LINEAR  CONTOURED  SECTION  TYPES 


It  should  be  noted  that  these  additional  six  sections  will  essentially 
complete  the  study  of  this  type  of  forming. 

Although  shallow  recessing  was  investigated  on  the  current  pr  gram 
for  both  drop  hananer  and  rubber  press  formii.^’: ,  c-ly  the  basic  symmetrical 
beaded  panel  type  of  part  was  studied.  Additional  work  should  be  included 
for  irregular  shapes  such  as  shallow  type  panels  stiffened  with  beads 
rvinning  in  any  direction. 


EXTENSION  OF  FORMING  LIMITS 

The  forming  limits  developed  on  the  current  program  are  generally 
based  on  standard  equipment  with  ordinary  pressures,  techniques, 
forming  speeds,  lubrication,  etc.  With  a  few  exceptions,  most  of  the 
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forming  limits  can  be  extended  for  most  of  the  processes  in  a  number 
of  ways . 

First,  the  rubber  forming  pressures  used  on  the  contract  were 
1925  psi  for  flanging  and  3OCX)  psi  for  beading-  These  pressures  greatly- 
restricted  the  flanges  and  definition  obtained,  particularly  on  the 
shrink  flanges  and  the  beaded  panels.  An  example  of  the  manner  in 
which  formability  can  be  increased  in  rubber  press  shrink  flanging  is 
shown  in  the  limit  graph  below: 


LOG 


FIGURE  VIII-2  INCREASED  FORMABILITY  WITH  PRESSURE 

IN  RUBBER  PRESS  SHRINK  FLANGING 

Althoiigh  the  elastic  buckling  lirai-tation  in  shrink  flanging  for  thin 

gages  cannot  be  altered  with  pressure,  the  plastic  buckling  and  minimum 

flange  limitation  for  medivun  and  heavy  gages  can  be  increased  greatly. 

The  free  forming  radius  in  rubber  forming  shallow  recesses  can  be  greatly 
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minimized  with  increased  pressure  as  shown  in  the  foil owing  sketch; 


FIGURE  VIII-3  INCREASED  DEFINITION  WITH  PRESSURE 
IN  RUBBER  PRESS  SHALLOW  RECESSING 


The  segment  angle  in  linear  contouring  and  rubber  press  flanging 
was  not  considered  a  variable  in  the  current  contract.  On  the  contrary, 
it  was  held  approximately  constant  at  a  relatively  high  value  so  that 
it  would  not  affect  f onnability  and  would  give  conservative  values .  A 
decreasing  segment  angle,  however,  will  greatly  increase  formability  as 
shown  schematically  below  for  linear  stretch  forming: 


FIGURE  VIII-4 


LOG 


SEGMENT  ANGLE  FOR  LINEAR  STRETCH 
FORMING 
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This  same  increase  in  formability  can  be  made  for  rubber  press  flanging. 


Elevated  temperature  creep  fonriing  will  likewise  increase  formability 
limits  by  ironir.,^  out  elastic  buckling  and  other  di.stf.rticns  iesul',.ing 
from  springbac*^  in  a  part.  Most  metals  are  susceptiole  to  this  type  of 
hot  finish  forming,  the  only  limitation  being  a  metallurgical  con¬ 
sideration  of  maximum  temperature  based  on  recrystallization, 
precipitation,  etc.  This  type  of  forming  is  generally  a  finish  form 
operation  so  that  parts  are  first  preformed  in  another  operation. 

Hot  creep  forming  can  greatly  extend  forming  limits  by  finishing  a 
part  that  was  formed  considerably  outside  its  normal  formability  limits 
as  shown  schematically  by  the  graph  below: 


LOG 


FIGURE  VIII-5  INCREASED  FORMABILITY  WITH  ELEVATED 

TEMPERATURE  CREEP  FORMING  FOR  LINEAR 
CONTOURING 

Thi-'  'i-ype  of  finish  forming  will  essentially  eliminate  the  need  for 
any  final  handworking  because  such  close  tolerances  can  be  maintained. 

Multistage  drawing  with  mechanical  dies  is  another  way  of  extending 
forming  limits.  This  process  is  based  on  multiple  tooling  so  that 
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several  stages  of  drawing  are  necessary  with  a  different  geoinetry  in 
each  stage.  This  type  of  incremental  forming  can  increase  forming  limits 


for  deep  recessing  as  shown  schematically  below: 


FIGURE  VIM-6 
INCREASED  FORMABILITY 
IN  DEEP  RECESSING  WITH 
MULTISTAGE  TCX)LING 


LCX3 


Multistage  deep  drawing  can  be  seen  to  increase  all  formability  areas 
over  single  stage  including  both  the  elastic  and  plastic  regions  of 


buckling . 


Compressive  brake  forming  is  a  method  that  csm  be  \ised  to  Increase 


brake  forming  limits  as  shown  in  the  sketch  below; 


FIGURE  VIII-7  INCREASED  LIMITS  IN  COMPRESSION 
BRAKE  FORMING 
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By  subjecting  a  part,  that  has  oeen  I'omed  in  the  normal  manner  on  a 
Drake  press  to  the  riattrial  limit  resulting  in  a  bend  radius  of  R,  to 

enmprtSG ive  forces  F  as  shown,  the  bend  radius  can  be  reduced  considerably. 

Fnis  is  due  to  t.ne  fact  that  the  neutral  axis  is  moved  to  near  the  conve-. 

Guri'ace  resulting  in  small  tensile  stresses. 

improved  forming  techniques  will  also  extend  forming  limits  of 
.most  processes.  For  example,  the  use  of  wiping  blocks,  traps,  and 
overlays  in  rubber  press  forming  and  the  use  of  optimum  lubrication 
and  pad  pressure  control  in  mecnanical  die  deep  drawing  will  increase 
fcrmability  limits  as  shown  below; 


LOG 


/a 


INCREASED  FORMABU-ITY 
WITH  WIPER  BLOCKS, 

traps,  etc.  ' 


LOG 


increased  formabiuity 

WITH  OPTIMUM  lubrication 
and  pad  pressure  control 


LOG 


RUBBER  STRETCH  FLANGING  DEEP  DRAWING  WITH  MECHANICAL  DIES 


FIGURE  VIII-8  INCREASED  FORMABILITY  WITH  IMPROVED 
FORMING  TECHNIQUES 


The  clastic  buckling  line  in  rubber  stretch  flanging  and  the  plastic 
buckling  line  in  deep  drawing  can  be  extended  considerably  with  the  aid 
of  these  techniques. 
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RESULTS  OF  FORMING 


There  are  a  number  of  results  from  forming  that  are  very  important, 
both  from  the  design  and  the  fabrication  viewpoint .  Some  of  these  have 
been  studied  in  the  past;  however,  a  general  program  relative  to  a 
broeui  range  of  materials  and  processes  has  never  been  initiated . 

Springback  has  been  shown  in  the  current  theoretical  formability 
program  to  be  dependent  on  the  same  mechanical  properties  as  buckling. 

This  distortion  can  be  predicted  based  on  mechanical  properties  for 
straight  flanging  on  the  rubber  press  and  brake  press,  curved  flanging 
on  the  rubber  press ,  and  linear  contouring  on  the  stretch  press .  A 
knowledge  of  predictable  springback  will  enable  the  manufacturing 
engineer  to  design  springback  into  the  forming  tools .  This  will  greatly 
decrease  finish  handworking,  particularly  for  the  high  strength  metals 
of  the  future. 

The  effect  of  forming  on  materials  properties  needs  investigating 
from  the  standpoint  of  predicting  changes  in  material  properties  based 
on  fundeimental  shape  change  of  the  part.  These  resulting  changes  can  be  related 
to  the  elongation  that  the  iwirt  has  undergone  during  forming.  The  material 
properties  to  be  inclvided  are  the  principal  strength  and  elongation  values 
such  as  yield  strength,  modulus  of  elasticity,  viltimate  strength, 
elongation,  fatigue,  and  creep.  This  knowledge  of  property  changes  will 
enable  the  designer  to  more  efficiently  design  structural  parts . 

Thinning  of  a  part  during  forming  is  another  consideration  that 
should  be  predicted  for  efficient  design.  Thinning  usually  accompanies 
parts  that  have  undergone  stretching  during  forming  while  thickening 
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occurs  on  parts  that  have  been  compressed  during  forming.  This  change 
in  thickness  can  be  predicted  for  parts  with  specific  geometries  by  the 
law  of  constant  volume.  Graphs  and  tables  can  be  prepared  for  all  shapes 
of  parts  to  give  the  designer  a  ready  reference  for  thickness  changes  in 
parts  during  forming.  This  information  will  be  important  both  from  a 
strength  and  weight  standpoint. 

The  concept  of  theoretical  formability  can  also  be  used  in  basic 
alloy  development  by  having  a  good  realization  of  the  desired  properties 
in  a  metal  alloy  for  good  fonmability.  Alloying  in  the  past  has  been  made 
with  the  principal  objective  to  achieve  the  utmost  in  strength  properties. 
This  has  generally  resulted  in  alloys  of  decreasing  formability.  With 
a  knowledge  of  the  properties  needed  for  good  formability,  proper 
guidance  can  be  made  to  the  alloy  developers  to  produce  optimum  formable 
materials . 


ADDITIOMAL  CONVENTIONAL  FORMING  PROCESSES 

There  are  a  number  of  conventional  forming  processes  not  included 
on  the  initial  contract  such  as  tube  bending,  deep  recessing  with  the 
rubber  bladder  press ,  stretch  -  mechanical  die  forming  on  the  hydraulic 
press,  and  progressive  forming.  Although  these  are  not  as  basic  as  the 
processes  covered  on  the  current  program,  they  are  of  significant  interest 
to  include  on  future  development  programs . 

Tube  bending  should  be  explored  in  the  range  of  extruded  tubing  for 
the  more  important  metal  alloys  .  A  typical  formability  graph  that  can  be 
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developed  is  shown  below: 


FIGURE  Vni-9  EXPECTED  FORMABILITY  CURVE  FOR  TUBE 
BENDING 


Buckling  and  wrinkling  of  the  inner  wall  is  expected  to  be^  the  chief 
limitation  in  forming  thin  walled  tubes .  This  type  of  buckling  will  be 
of  the  shell  buckling  rather  than  plate  buckling;  however,  the  same  shape 
of  curves  should  result . 


Another  method  of  deep  recessing  that  was  not  investigated  on  the 
initial  program  is  deep  drawing  with  a  rubber  bladder  as  shown  in  the 
sketch  below: 


FIGURE  VIII-IO  DEEP  DRAWING  WITH  A  RUBBER  BLADDER  PRESS 
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This  process  has  advantages  over  other  methods  of  deep  recessing  in 
that  tooling  is  less  costly  and.  in  some  instances,  better  controls  can 


be  made  on  pressure  giving  better  fonnability  .  The  1‘orraabiiity  curves 
will  probably  be  very  similar  in  shape  to  the  mechanical  die  method 
with  buckling  limiting  forming  in  both  areas  of  the  graph . 

A  third  additional  forming  process  uhat  requires  development  and  was 
not  included  on  the  initial  program  is  the  stretch  -  mechanical  die 
forming  method  used  on  the  hydraulic  press  as  shown  schematically 
below: 


FIGURE  VIII-11  STRETCH-MECHANICAL  DIE  FORMING 


This  type  of  tooling  is  generally  used  for  forming  relatively  heavy 
extruded  sections  to  contours  with  warped  cross-section.  When  high 
strength  materials  are  required,  there  is  no  other  way  of  forming  this 
type  of  part  because  of  springback  and  other  accompanying  distortions . 
Formabiiity  limits  can  be  obtained  for  these  shapes  of  parts  for  different 
materials  based  on  their  mechanical  properties. 
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Progressive  forming  is  another  process  that  would  benefit  from 
having  a  quantitative  application  of  theoretical  formability  applied . 
This  type  of  forming  can  generally  be  applied  to  corrugations,  beaded 
panels,  and  double  contoured  skins.  Taking  the  latter,  as  an  example, 
tne  following  sketch  illustrates  the  process; 


FIGURE  VIII-12  PROGRESSIVE  FORMING  DOUBLE  CONTOURED 
SKINS 

This  process  can  be  seen  to  be  based  on  incremental  type  forming  with  a 
frictional  sliding  jaw  pulling  the  double  curved  skin  around  the  stationary 
tool.  The  advantages  of  this  process  over  the  more  conventional  stretch 
presses  can  be  seen  to  be  increased  formability  due  to  a  decreased 
friction  between  the  part  and  the  tool.  Beaded  panels  and  corrugations 
can  benefit  in  the  same  manner . 

ADVANCED  FORMIMG  PROCESSES 

The  so  called  high  energy  and  high  energy  rate  advanced  forming 
processes  have  been  under  intense  investigation  for  the  past  five  years . 
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These  are  the  high  velocity  and  high  temperature  forming  processes.  The 
former  includes  such  forming  processes  as:  (l)  explosive  -  water,  (2) 
explosive  -  air,  (3)  electric  discharge,  (4)  piston  -  gas,  and  (5)  magnetic 
flux.  The  latter  includes  such  advanced  processes  as:  (l)  integrally 
heated  dies,  (2)  hot  platen  machines,  (3)  gas  -  expansion  forming, 
and  (4)  hot  fluid  forming.  Most  of  the  work  in  these  areas  has  been  of 
a  qualitative  nature  without  real  sincere  regard  to  the  applications  and 
limitations  of  the  process.  This  is  due  to  the  fact  that  most  of  these 
processes  are  still  in  their  infancy  and  require  more  development . 

The  development  of  these  high  temperature  and  velocity  processes 
is  currently  reaching  the  point  where  the  qxiantttative  aspects  of 
forming  can  be  applied.  This  means  that  material  fonnability  based 
on  mechanical  properties  can  be  determined  for  most  of  these  forming 
processes . 

In  the  high  velocity  forming  area,  both  the  low  and  high  explosive 
need  investigation.  Tables,  graphs,  and  equations  can  be  developed  for 
both  regimes  of  velocity  for  the  following  types  of  transfer  mediums: 

(1)  gas  (air),  (2)  liquid  (water),  and  (3)  solid  (sand  or  rubber). 

These  quantitative  data  will  give  the  limits  of  forming  for  the  most 
applicable  materials  and  the  mosc  applicable  shapes  of  parts. 

High  temperature  forming  is  currently  being  reeidily  performed  up 
to  temperatures  cf  1200 °F.  This  limitation  is  based  on  the  current  tooling 
material  limitation  around  1400“F  due  to  oxidation.  However,  new  tooling 
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materials  and  coatings  are  making  it  possible  to  achieve  forming  in  the 
upper  regimes  of  temperature .  The  methods  of  heating  parts  to  these 
higher  temperatures  are  principally  by  resistance  and  radiation  heating. 
Material  properties  can  be  studied  at  these  higher  temperatures  and 
correlated  to  formability  for  the  most  applicable  materials .  In  this 
way,  predictability  information  can  be  obtained  for  forming  high  strength 
materials  at  high  temperature .  Feasibility  of  this  type  of  predictability 
has  been  established  in  the  small  amount  of  high  temperature  forming 
performed  on  the  current  program- 

PRIMARY  FORMIMG  PROCESSES 

The  primary  forming  processes  such  as  forging,  extniding,  sheet 
rolling,  and  shear  spinning  also  need  to  be  developed  from  a  quantitative 
formability  sense  -  These  processes  are  based  on  large  plastic  deformation 
and,  in  most  cases,  elevated  temperatures  with  or  without  intermediate 
anneals.  The  limitations  of  these  processes  are;  (l)  the  shear  deformation 
that  the  material  can  withstand,  (2)  friction  forces  along  svirfaces ,  (3)  ex 
tremely  large  power  requirements,  and  (4)  distortions  resulting  from 
springback  and  residiial  stresses . 

A  quantitative  analytical  program  is  needed  to  determine  the  extent 
to  which  metal  alloys ,  particularly  the  new  higher  strength  ones ,  can 
be  formed  by  these  primary  forming  methods.  The  resistance  that  accomp?.nies 
a  metal  being  subjected  to  extreme  plastic  deformation  can  be  related  to 
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fundamental  plastic  properties  of  metals  such  as  slip,  twinnin/r,  and 
cleavage-  The  geometry,  through  which  the  parts  are  changing,  can  be 
expressed  in  graphical  form  representing  the  limits  of  forming  for  a 
given  metal .  Then  metals  can  be  correlated  with  their  mechanical  properties 
giving  relative  formability  for  all  metals . 

Forging,  extruding,  and  sheet  rolling  each  could  be  stvuiied  on  the 
basis  of  fundamental  shape  changes  associated  with  the  process.  Shear 
spinning  could  be  evaluated  for  truncated  cones,  dome  ends,  and  cylinders. 

BASIC  MECHANISMS  IN  METAL  FORMING 

The  two  fundamental  mechanisms  governing  formability  in  sheet  metal 
are  plasticity  and  buckling.  The  former  has  been  developed  rather 
thoroughly  in  the  past  four  decades,  but  has  not  been  related  directly 
to  sheet  metal  forming  except  in  rare  cases.  Lfntil  recently,  buckling 
has  been  almost  totally  absent  as  related  to  thin  gage  metal  forming. 

Tnese  two  limiting  factors  in  sheet  metal  forming  need  to  be  developed  for 
a  more  complete  understanding  of  the  physics  that  a  metal  undergoes  during 
forming . 

The  flow  mechanisms  of  slip  and  twinning  and  the  brittle  and  ductile 
types  of  metal  separation  need  to  be  studied  for  various  metals  being 
subjected  to  plastic  deformation  at  various  temperatures  and  speeds  of 
forming.  Studies  should  be  made,  for  example,  on  why  the  hexagonal  close 
packed  alloys  6A1-4V  titanium  and  HM-21  magnesium  thorium  have  such  poor 
bendability  relative  to  its  tensile  elongations,  when  compared  with  the 
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bcxly  centered  cubic  and  the  face  centered  cubic  metals .  Although 
theories  have  been  expounded  on  sc«ne  of  these  observances,  no  program 
has  been  initiated  to  systematically  study  plastic  behavior  for  a 
broad  range  of  materials . 

Thin  gage  sheet  metal  buckling  has  been  developed  principally  for 
design  applications;  however,  even  here  only  basic  buckling  has  been 
developed  based  on  simple  edge  and  surface  restraints .  The  effect  that 
these  restraints  have  in  forming  sheet  metal  need  to  be  developed  for 
a  clearer  vinderstanding  of  the  role  of  buckling  in  forming.  In  most 
forming  operations,  at  least  one  surface  of  the  sheet  is  restrained 
against  a  tool;  otherwise  formability  would  be  severely  restricted. 

In  some  types  of  sheet  metal  forming,  such  as  deep  drawing  and 
linear  contouring  of  sections,  both  surfaces  of  flanges  being  sub¬ 
jected  to  compression  are  restrained  against  the  die .  Studies  should 
include  the  three  basic  types  of  parts  failing  by  buckling:  (l)  flat 
sheet  buckling,  (2)  shell  buckling,  and  (3)  twist  buckling  of  sections. 

Only  through  a  thorough  understanding  of  these  two  fundamental 
forming  limitations  will  sheet  metal  forming  be  developed  to  the  fullest. 
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